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ABSTRACT
Speciation of environmental pollutants is essential for 
potential toxicity evaluations. It is important to determine 
what is the original chemical form of the pollutant when released 
to the environment as well as all possible reaction products and 
their potential hazards. The media through which these pollutants 
are transported in the environment are also of importance.
Heavy metal pollutants usually occur in very low concentrations 
in the environment therefore, very sensitive techniques are required 
for the determination of these metals.
A GC-AA method was developed that allowed the simultaneous 
determination of PbEt^ and of PbEt^Cl in gaseous and liquid samples. 
This method enabled the study of the behavior of PbEt^ (TEL) and 
the formation of PbEt^Cl in sea water under several experimental 
conditions. From the results obtained, the potential hazard of 
TEL spills at sea was evaluated as well as the effect of particulate 
materials present in sea water on TEL concentration levels.
Airborne heavy metal pollutants were studied by ESCA and the 
final chemical form of airborne Pb was found to be PbC^. Pt was 
sometimes detected but the determination of its chemical form was 
not possible. The importance of ESCA as a valuable tool for 
speciation of airborne matter was demonstrated.
Since water free of heavy metal contaminants is essential for 
the preparation of standard solutions to be used for most environmental 
and trace metal determinations, an electrochemical method was 
developed to produce a readily available and economic source of
xxii
ultrapure water. Because this system was not capable of removing 
complexed metals from water, a method was developed for the 
determination of stability constants of heavy metal complexes and 
for the study of reaction kinetics of complex formation. The 
electrochemical technique was illustrated with Cd, Pb and Zn com­
plexes of EDTA.. Problems in storing very pure water and very 
dilute solutions of metal compounds were also discussed.
An essentially complete literature review of each subject 
discussed was included in this dissertation.
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GENERAL INTRODUCTION
In the last few years, environmental pollution has become a 
matter of public interest. Pollution and pollution related subjects 
are discussed almost daily by the media. Many pollutants especially 
heavy metals, are considered to be hazardous even at trace levels.
All aspects of the ecological system are affected to varying 
extents by metals. Metals are the most insidious pollutants 
because of their non-biodegradable nature.^
Certain metals can be either beneficial or harmful to man 
depending on their concentration and chemical forms. It is often 
necessary to determine not only the species present and their 
chemical forms, but the possible reaction products under various 
conditions.
All substances can become hazardous when physiological and 
environmental balances are disrupted. Toxicity has been defined as 
the inherent property of a substance to cause harm to biological 
systems for certain exposure times and concentrations. Essentiality 
has to do with the need for raw materials by biological entities to 
maintain vital functions. Bulk quantities are needed by most living 
systems of Na, Mg, K, and Ca, whereas V, Cr, Mn, Fe, Co, Cu,
2
Zn, Se, Sr, and Mo are needed in quantities of less than 0.01%. 
Either the lack or the excess of these substances may disrupt 
biological functions. If not enough Zn were available to an 
organism for the production of many of the enzymes that Zn is a 
part of, disruption of functions where these enzymes take part, 
may result in severe toxic effects to the organism. On the other
1
2hand, if too much Zn were present in a given system, its balance 
may be disrupted and the equilibrium of the biochemical reactions 
where Zn enzymes act as catalysts may be shifted, resulting in 
impairment of vital physiological functions. Zinc also has to be 
supplied to the organism in the correct chemical form that can be 
readily assimilated.
Selenium is an excellent example of an element that is both 
toxic and essential. Selenium metal is harmless and widely used 
in rectifiers, photocells, and plastic reflectors. Selenium diox­
ide is one of the most severely acute toxins known which attacks the 
respiratory system. However, selenium is an essential trace metal 
that has been suspected of reducing the occurrence of certain cancers. 
Essential selenium can only be absorbed by a biological system in
a molecular form such as selenium present in parts of proteins or
2 3
protein-like structures.
Toxicity of a given compound depends also on its solubility in 
body fluids and the size of the particles. These factors are 
directly related to the importance of route of intake of toxic 
substance into the body. A compound soluble in fats can be absorbed 
quickly through the skin. Lead dioxide has no toxicity upon contact 
with the skin, whereas tetraethyl lead(TEL) can be absorbed very 
quickly through the skin thereby creating a potential health hazard.'*' 
Ingestion is another important entry route of toxins, but 
because of dilution and digestion some substances may be detoxified. 
The gastrointestinal tract is also very poor in absorbing metallic
3species. Ingested benzo-a-pyrene gets broken down into harmless 
products whereas inhaled benzo-a-pyrene is carcinogenic. Inhalation 
is by far the most important entry route of environmental heavy 
metal toxins usually in the form of particulates. An average person
O
breathes about 12 M of air (18 kg) per day which comes in contact
3
with 70 M of alveolar surface. Approximately 35% to 50% of inhaled
2 3
Pb, inorganic or organic, is believed to reach the blood stream. ’
Particulate material in the air such as NaCl and soot can 
concentrate gaseous or molecular species on their surfaces which 
may result in synergistic effects once the inhaled species are inside 
the l u n g s . 2
Particles carrying metallic species smaller than 1 yum can 
reach the lower lungs where the metallic species may be solubilized 
by some natural biochemical process and can be effectively absorbed. 
This is where the chemical form becomes important.
Particles larger than 1 /urn are usually stopped by the 
respiratory system before they can reach the lungs. The submicron 
particles are the most harmful ones, the hardest to analyze, and 
the least regulated by governmental agencies.
Although industry has been associated with pollution, about 
85% of all pollution is caused by natural sources such as forest 
fires and natural dusts. Nevertheless, mobile and stationary 
sources account for about 35% of the total metal load of the 
atmosphere. Mobile sources, such as automobiles are severely 
regulated whereas stationary sources such as coal-fired plants and 
smelters are not so strictly controlled. Table I shows the annual
kTABLE I
S La tionary,(Mobile)
Me t a 1 Tons,Yr
Arsenic 10,600
Barium 15,14-20
Beryllium I72
Cadmium 2,160
Chromium 18,136
Copper 13,680
Lead 16,000
(Highway) (197,237)
(Off Highway) (16,563)
Manganese 17,900
Magnesium 75>293
Mercury 6p7
Molybdenum 990
Nickel 7,310
Selenium 936
Silver 117
Titanium 88,351
Vanadium 20,300
Zinc 159,922
Total 662,19U
Annual Metallic Emissions from Stationary and Mobile Sources.
(1970)
(1)
metallic emission for stationary and mobile sources for I97O."*"
Elemental analysis, such as the determination of total 
concentration of elements such as Se, Pb, and Ni in a sample, only 
provides part of the information needed to make reliable judgements 
on the toxicity of metals. Most analytical techniques do not 
provide information on the chemical form of the metal or the 
oxidation state.. In addition, environmental pollutants and essential 
trace substances occur in very low concentrations, therefore, only 
the most sensitive analytical methods can be used in their determina­
tion.
Absorption and emission methods as well as activation analysis 
are sensitive but do not provide speciation capabilities. Only 
volatile metal species can be analyzed by Gas Chromatography-Mass 
Spectroscopy (GC-MS), Gas Chromatography-Atomic Absorption (GC-AA), 
and other combinational techniques. Electron Spectroscopy for 
Chemical Analysis (ESCA) is the only technique currently available 
that provides information regarding the oxidation state of the metal 
without sample preparation.
The environmental and biological impact of a given pollutant 
can be predicted only after careful evaluation of the chemical 
form, possible reaction products, environmental source, possible 
entry route based on the source, mechanism of dispersion into the 
environment, and concentration of the given pollutant.
Often, concern about a particular pollutant's environmental 
impact is only aroused when a large amount of it is accidentally 
released. In a recent in the Adriatic Sea, a ship sank containing 
large amounts of TEL and tetramethyl lead (TML). Little or no
6information was available regarding the fate of these lead alkyls
once in contact with sea water and marine life A
Some of the important questions that arose included solubility 
values of TEL in sea water, dissipation of TEL from sea water into 
the atmosphere and possible reaction products of TEL with sea water 
and their toxicities. TML is less reactive than TEL, therefore, 
most of the research was concentrated on TEL.
This happening along with the potential probability of other 
alkyl lead spills prompted the study of the behavior of lead alkyls 
in marine systems.^*6,7
Total lead determinations would not be sufficient to assess the
environmental impact of alkyl lead spills because the toxic 
properties of TEL and its reaction products with sea water are 
significantly different.
To assess properly the toxic properties of a heavy metal, it 
is necessary to develop sensitive methods, useful at the low ppm 
and ppb levels and capable of achieving some sort of speciation 
identif ication.
Atomic absorption spectroscopy (AA) is especially sensitive for 
the determination of many metals but offers no speciation capabilities 
as of this writing. However, when a gas chromatograph is 
combined with an atomic absorption detection system the best 
properties of each technique complement one another and both 
speciation and high sensitivity can be attained.
A GC-AA system previously developed in this lab^-l for the 
determination of lead alkyls in gasoline without previous sample
7preparation permitted the determination of TEL and one of its
reaction products with sea water. Most methods reported in the
1 2literature deal with either total Pb determination or the 
determination of TEL and some of its reaction products by wet 
methods requiring many steps. These wet methods are time
1 n  -I /
consuming and subject to errors. ’
Most trace metals are present in the environment and organisms 
in very small amounts which require very sensitive techniques for 
analysis of environmental and biological samples. The more 
sensitive a method is, the greater are the requirements for very 
high purity blanks. Often, the sensitivity of a technique is 
limited by the size and variability of the blank.
Water has been the most widely used medium for the preparation 
of standards used in trace metal determinations, therefore, the need 
for ultrapure water has increased in proportion to the technological 
improvements that have generated lower and lower detection limits 
for an array of elements. In some cases, the maximum tolerable 
level of a given pollutant may be set by government regulatory 
agencies to be the same as the minimum detectable level obtained by 
the best available method at that time.
Total water purification is limited first by the ability of 
the purification system to remove contaminants and second by the 
contamination to the water generated by the purification system 
itself.15,16
Techniques for production and analysis of ultrapure water have 
been comprehensively reviewed.16,1^*16,1  ^ Distillation is the
8traditional and oldest method of preparing purified water. Ion 
exchange methods are frequently used following distillation of 
water to remove ionic species from water that are not removed by 
the distillation process. Current methods of water purification 
are extensively reviewed in Chapter II Part I.
Water of suitable purity was needed for the analysis of
environmental and biological samples without preconcentration
using an AA detection system employing a carbon furnace atomizer
20previously built in this laboratory. The production of ultrapure 
water by electrochemical techniques promised to be suitable for 
the development of a method for the rapid and efficient removal of 
cations from solution. Such a method could also be a cheap source 
of water free of heavy metals within the detection limits of the 
methods of analysis used.
If a suitable electrochemical method could be developed based 
on the principles of anodic stripping voltammetry and electrodeposition 
but without diffusion current limitations, the efficiency of removal 
of cationic species from solution at a suitable voltage could be 
increased. This could be achieved by allowing the test solution to 
pass through an electrode with a very large surface area of contact.
Such an electrode system was developed and was proven successful 
in removing Cd, Pb, and Zn from water. It was subsequently found 
that the system was not capable of removing complexed metals from 
solution. This observation led to the development of a new method 
of analysis of aqueous samples for inorganic and organic or complexed 
metal determinations. The method was proven to be successful in
9the determination of conditional stability constants of some EDTA
complexes at very low concentrations.
Stability constants of metal complexes are of great importance
because they enable the analyst to determine the concentration of
the different species in solution and may allow the prediction of
conditions required for maximum formation of a given complex.
Chemists and biochemists are interested in the concentration of
the species present in solution to predict optical and kinetic
properties, partition equilibria, biochemical behavior and free
21 22 23energy of a given reaction. * »
Many enzymes have metal centers and are essentially metal 
complexes whose physiological concentrations are very low, 
therefore, the ability to determine the rate of complex formation 
at the ppm and ppb level is of upmost importance in heavy metal 
toxicity evaluation. The toxic effect of heavy metals such as Cd 
is believed to be due to the ability of Cd at certain concentrations 
to replace Zn in many of the enzymes of which Zn is an integral 
element.^
Atomic absorption spectroscopy can be used for the determination
of conditional stability constants of heavy metal complexes when
used in combination with the proposed electrode system. The principal
advantage of this method is the superior sensitivity of AA with
respect to the currently used methods of determination of stability 
23constants.
Another area of interest to the analytical chemist in the last 
decade has been air quality. Qualitative air pollution studies were 
conducted to determine not only what metals were present in the air
10
in a given area, but also to attempt to determine the chemical forms 
of these metals and how their presence can be related to the 
environmental sources.
Although ESCA is an excellent technique for speciation purposes, 
it is limited to surface analysis of the sample material, therefore it 
lacks the sensitivity of atomic absorption methods. ESCA is 
unique because it provides information regarding elemental 
composition, oxidation state and molecular structure of species
« r ry r
present in a sample without chemical separations. ’
ESCA analysis of air samples collected on the surface of 
filters was performed to determine the chemical form of environmental 
heavy metal pollutants such as Pb. Sampling methods as well as 
sources of the pollutants in question were subjects of interest.
Chapter I deals with the development and applications of a 
GC-AA method for the determination of TEL and PbEtgCl in vapor and 
liquid samples. Part I of this chapter is devoted to studies 
regarding solubility of TEL in sea water with respect to time under 
several experimental conditions, the effect of particulate material 
on the results obtained and the expansion of the method of analysis 
to include PbEt^Cl.
Part II of Chapter I concerns the TEL - PbEt3Cl system in sea 
water under several experimental conditions. Based on the results 
obtained some conclusions are stated that could aid in elucidating 
the environmental impact of alkyl lead compound spills at sea.
Chapter II deals with the development of an electrochemical 
technique for the removal of heavy metals down to ultratrace levels
11
in water. In Part I, the actual electrode system development is 
discussed and the method is illustrated for the removal of several 
heavy metals from distilled deionized water.
In Part II, the scope of applications of the electrode system 
is expanded significantly by employing this method for the 
determination of conditional stability constants of metal complexes 
as well as exchange reactions between different metals for the same 
complexing ligands.
In Part III some of the problems encountered in storing 
solutions at the ppb level are discussed as well as attempts to 
avoid contamination of purified water.
Chapter III deals with air analysis by ESCA and by AA. Air 
sampling techniques are briefly discussed. The results obtained 
are correlated to the rise in use of catalytic converters in 
automobiles.
In summary, the following topics are discussed:
Chapter I: Development of a GC-AA Method for the Determination
of Lead Alkyls.
Part I: Direct Determination of TEL in Sea Water by GC-AA.
Part II: Simultaneous Determination of TEL and PbEtgCl by
GC-AA. Environmental Impact of TEL Spills in Marine 
Systems.
Chapter II: Development and Applications of an Electrochemical
Method for the Removal of Heavy Trace Metals from 
Solution.
Part I: Development of an Electrochemical Technique for the
Removal of Ultratrace Levels of Heavy Metals from 
Water by Accelerated Electrodeposition.
Part II: Determination of Complexed and Ionic Metals in Aqueous
Solutions. Determination of Stability Constants at 
Low Concentrations and Kinetic Studies of Complex 
Formation Using Accelerated Electrodeposition.
Part III: Brief Studies on Solution Contamination. 
Chapter III: Analysis of Airborne Particulates by ESCA.
CHAPTER I
"DEVELOPMENT OF A GC-AA METHOD FOR THE DETERMINATION OF
LEAD ALKYLS"
PART I :
DIRECT DETERMINATION OF TEL IN SEA WATER BY GC-AA.
PART II:
SIMULTANEOUS DETERMINATION OF TEL AND PbEt3Cl BY 
GC-AA. ENVIRONMENTAL IMPACT OF TEL SPILLS IN 
MARINE SYSTEMS.
13
PART I
DIRECT DETERMINATION OF TEL IN SEA WATER BY GC-AA
I. INTRODUCTION:
The health effects of metals are dependent not only on their 
concentrations but on their chemical forms. Many of the metals 
that are needed for a variety of metabolic processes are required 
only in trace amounts and in most cases in a particular chemical 
form since only certain chemical forms of the metal species in 
question can be readily assimilated. When assessing the projected 
health effects of various metals, it is therefore important to 
identify the chemical form of those metals and if possible, to 
determine their chemical and physical state in any particular 
environmental or living system. Elemental analysis, such as the 
determination of total concentration of lead or mercury in a sample 
by atomic absorption or emission spectrography provides only part 
of the information needed to make reliable judgements of the 
toxicity or essentiality of the metals. The chemical form has a 
direct bearing on toxicity as well as essentiality. The importance 
of speciation cannot be overemphasized.
A well documented essential trace metal is chromium. Some
27compounds of chromium are toxic and some others are even carcinogenic. 
Chromium is known to be essential in the transport of glucose 
across cell membranes in living systems. Studies involving 
patients with symptoms of glucose uptake impairment (some of the 
patients were diabetics, some were not) demonstrated that when 
diets rich in inorganic chromium were given to the patients, the
14
15
impairment did not change. To another set of patients with the
same symptoms, a diet rich in an unknown chromium compound was
supplied and most of the patients showed improvements in their
glucose tolerance. This chromium compound was extracted from
Brewer’s Yeast and it has been known by the name of "glucose tolerance 
28 29factor". ’ Many studies have shown that inorganic chromium is 
very poorly absorbed by the gastrointestinal system whereas 
"glucose tolerance factor" is readily absorbed. The chromium 
compound found in Brewer's Yeast extract is also transported 
through the placenta. If the diet to be supplied to a patient 
with the glucose uptake impairment were analyzed for chromium by 
elemental analysis techniques, the concentration information 
obtained may not necessarily imply that the patient would actually 
assimilate the Cr supplied. Speciation is the key factor to 
consider. The same need for speciation is encountered in toxicity 
studies. Cr (III) cannot travel through the skin or cell walls, 
whereas Cr (VI) quickly travels through both media.
Speciation is of importance in toxicity evaluation of lead 
compounds. Inorganic Pb and alkyl Pb compounds have very different 
toxic properties. Even with the increasing use of non-leaded 
gasoline, alkyl Pb compounds are still widely used as a convenient 
and economic method of increasing the octane rating for high 
compression internal combustion engines. Several mixtures of alkyl 
lead compounds are used but TEL is the one most commonly employed of 
the lead alkyls. Tetraethyl lead was the first of the lead alkyls 
to be used as a gasoline additive and production of TEL in the
16
51
United States has been as follows."^
YEAR POUNDS
1972 302 x 10^
1973 353 x 10;?
1974 464 x 10^
1975 315 x 1 0 °
1976 364 x 10
Antiknock compounds account for about 16% of the total Pb
32consumed in the U.S. in 1974. The concentration of TEL in
33gasoline is between 0.01 to 0.6g of TEL per liter of gasoline.
Lead scavengers are added to gasoline and during the combustion 
process the lead alkyls are converted to the bromide, therefore 
most of the Pb emitted from automobile exhausts is lead bromide.
A small portion of the total lead in an urban environment is also 
present as vapor phase alkyl lead compounds thought to arise from 
incomplete combustion within the engine and from evaporation of 
these antiknock additives in gasoline.34,35 Recently, it has been 
proposed that sorption of organolead compounds onto atmospheric 
particulates may account for up to 10% of the total particulate 
atmospheric l e a d . 37,38 Concentrations of Pb in the air are 
usually in the order of ppb as opposed to ppm in water systems.
A major threat of Pb pollution is accidental spills of large 
amounts of alkyl lead compounds that are transported in very large 
amounts. Concern regarding the fate of these compounds in the 
environment, if accidentally released, has increased in the last 
decade. The first reported accident involving a spill of significant 
amounts of lead alkyls occurred in 1961 in the Gulf of Trinidad, the 
second one took place off Cape Town Harbour, South Africa in 1962.^
17
In 1974, the Yugoslav cargo ship Cavtat sank along with 325
tons of Pb alkyl compounds 3.5 miles off Otranto Cape in the Adriatic
Sea at a depth of about 90 meters of water. A map of the actual
wreckage site is given in Figure 1.^ Most of the drums were
recovered over a period of four years after the wreck, but about
7% of the cargo was not accounted for. Following this accident, an
international conference took place to try to compile the existing
knowledge of the environmental impact of lead alkyls in sea water
and marine life. Speculations regarding the fate of TEL and other
alkyl lead compounds and their environmental effects ranged from
"catastrophic" to "no effect". Several of the questions that arose
include solubility values of TEL in sea water, dissipation of TEL
through sea water and into the atmosphere, possible reaction products
of TEL with sea water and their toxicities, etc.^ The most
important discovery in this conference was that there was very little
information available regarding the concentrations of lead alkyls in
sea water, the kinetics of decomposition of these compounds, their
environmental half-lives, and their interactions with sea water and
marine life. Following this accident, various studies were carried
out to answer some of the questions regarding the fate of alkyl lead
compounds in sea water. This present work attempts to answer some
4,5,6,7
of the questions. Some extensive investigations have been
conducted in this field but most of the experimental procedures 
are subject to questioning for reasons that will be explained in the 
discussion section.
TEL and other alkyl lead compounds such as Me^Pb, Et3MePb, etc,
18
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FIGURE 1
Map of the Cavtat accident area. (X) Position of 
the wreck. Reference ^____
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are more toxic than inorganic lead compounds.^ The decomposition
products of TEL may or may not be more toxic than TEL and, depending
upon these possibilities, the conversion rates would play a significant
role in toxicity. The detection of some alkyl lead compounds in
Canadian fish products indicate that these compounds are more stable
12than previously believed.
To investigate the fate of TEL in sea water with respect to 
time under several conditions, an analytical method is needed that 
is accurate, fast, reliable, free of contamination, direct, sensitive 
and can provide speciation capabilities. The method should be versatile 
enough to allow analysis of liquids as well as of gaseous samples in 
order to study the dissipation of TEL through water.
Some of the problems involved in determining TEL in sea water 
are its high volatility, low solubility, formation of emulsions, 
adsorption on particles in sea water, etc.-* Total Pb determination 
by AA or x-ray absorption techniques are the most commonly used 
analytical methods of analysis. Speciation of lead alkyls by
k-2instrumental methods have included the use of GC-MS, GC
/ o
with an electron capture detector, GC combined with
44
spectrophotometric techniques, and most recently GC with atomic 
absorption detectors.11*12,33,45,46,47,48 ^11 Qf these GC
combination techniques have been used for the determination of lead 
alkyls ie, PbEt^, PbMe^, PbEt3Me, etc. in gasoline.
It was suspected that TEL was only slightly soluble in water, 
therefore, a sensitive technique for determination was a requirement.
A GC-AA system was developed in this lab for the determination of
20
alkyl leads in gasoline and the utility of this system in TEL
determination has been demonstrated.-^ To predict what would
happen in ocean waters where accidental TEL spills may occur,
several samples of TEL and sea water where studied under several
experimental conditions.
Total Pb determination was not satisfactory since sea water
contains inorganic Pb species. Therefore, a method that would
distinguish TEL from other lead species was the ultimate goal. The
GC-AA system was chosen because of the specificity, availability and
sensitivity of the atomic absorption detection method. Although
Atomic Absorption Spectroscopy (AAS) is a relatively new technique,
Fraunhofer in 1817 first reported this phenomenom of absorption of
49radiation by free atoms. Kirchoff and Bunsen later developed the 
general laws of absorption and emission of radiation in the early 
1860's 50,51,52,5 , ^  1955, nearly a century later, Walsh
demonstrated the feasibility of using this phenomenom as an
analytical t e c h n i q u e . A f t e r  overcoming some original skepticism,
atomic absorption became the preferred method for determining low
level metal concentrations in a multitude of samples. Since 1960,
more than 8000 papers dealing with atomic absorption spectroscopy
have been published and there are many books dealing solely or
56,57,58,59
partly with this subject. These articles and books deal
with applications, instrumentation, theory and frontiers in the 
field of AA. Atomic absorption spectroscopy has been the preferred 
method of routine metal analysis because of its accuracy, relatively 
high sensitivity and ease of operation,,
21
In the last decade, there has been a growing concern regarding 
the preservation of a clean environment.60>6l ^ost of the metal
pollutants occur in the environment at ultratrace levels, therefore, 
an assessment of metal concentration in environmental samples 
requires the use of sensitive methods of analysis or preconcentration
are usually time consuming and subject to errors.
Instrumental methods such as MS, neutron activation analysis, 
emission spectroscopy and flame AA required preconcentration steps
in many cases where environmental samples were to be analyzed.
Flame AAS has not been suitable in most cases as the method 
for direct analysis of environmental samples because flames are 
notoriously inefficient as a means of producing stable populations
population of free atoms and their ability to absorb. The latter 
is a function of the oscillator strength, which is a physical constant 
for individual absorption lines for a given atom.
The degree of absorption in atomic absorption is given by the 
following expression:
techniques. Wet chemical methods have been used but these techniques
62
63,64
56
of free atoms. The degree of absorption is controlled by the
i
K p d = TT e2 Nf 
2
me
56
(1)
0
where:
Total amount of light absorbed by a system.
o
K y  = Absorption coefficient at a given frequency, 
e = Charge of an electron.
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m = Mass of an Electron, 
c = Speed of light.
N = Number of absorbing atoms.
f = Oscillator strength of the absorption lines.
As indicated by the equation, the total amount of light 
absorbed by a sample at a given wavelength is a function of 
several constants, the number of free atoms and the oscillator
strength. The oscillator strength in AA is similar in function to
the extinction coefficient in UV spectroscopy. If the oscillator 
strength were large for a given atom at a given wavelength, the 
probability of that atom absorbing light at that wavelength and 
achieving a transition to an excited state is greater than the 
probability of the absorption occurring at another wavelength where 
the oscillator strength is smaller. The oscillator strength is 
given by the following equation:
f = A o  g2 k'2 (2)
8 IT  H
where:
/to = Wavelength of the resonance line.
g2/§l = Statistical weights of atoms in excited state
(§2) and ground state (§1).
AJJ = Einstein’s coefficient of spontaneous emission.
Equation 1 shows that the absorption intensity is independent 
of the wavelength and temperature. The function of temperature is 
the production of free atoms. Any technique that would improve the 
atomization efficiency would increase the sensitivity of atomic 
absorption spectroscopy.
65
In 1961, L ’vov departed from classical flame atomization
techniques and built the first carbon atomizer. The sensitivity
obtained was several orders of magnitude better than flame
atomizers, but the reproducibility and accuracy were poor and
therefore unsuitable for quantitative analytical work. L'vov did
66
use his system to study theoretical aspect of atomic absorption.
In 1969, at the Atomic Absorption Conference in Sheffield,
England, T.S. West introduced the carbon filament atomizer and
67,68
J.W. Robinson introduced the "quartz T" atomizer. These two
atomizers represent a new generation of carbon atomizers. Later,
69
Massman and others have reported the development of similar
70,71,72
nonflame atomizers some of which are now commercially available.
All of these commercially available nonflame atomizers have 
several features in common. They all have a drying or evaporation 
step lasting from 3 to 5 seconds in which the atomizer is heated 
from room temperature to 100 to 150°C to eliminate the solvent.
This step is followed by an ashing step that may last about 2 
seconds in which the temperature is raised from 150° to 800-900°C.
The residue is then atomized to temperatures ranging from 1600°C 
to 2800°C. All of these heating steps need to be carefully controlled 
in order to obtain accurate and precise results. The carbon 
atomizer is resistance heated and atomization takes place by 
electrothermal methods. Evaporation, ashing and atomization all 
take place in the light path. If any of the steps previous to 
atomization were incomplete, background absorption could occur 
causing erroneous results unless a background corrector is used.
A second problem and probably a more significant drawback of these
24
atomizers is the loss of some of the sample during the evaporation
and ashing steps. This problem is particularly serious for analysis
of volatile metals such as Hg, Cd, Pb, As, Sb, etc. The direct
analysis of TEL in sea water using this type of atomizers would
yield lower than true results in concentration due to severe TEL
loss during the preatomization steps.
Effects of solvent, chemical and physical form of the carbon
(porous versus nonporous), rate of heating, response time of the
instrument also need to be carefully considered if accurate results
73
are to be obtained.
The "quartz T" developed by Robinson and coworkers is different
from commercial nonflame atomizers because evaporation, ashing and
atomization processes occur outside the light path. The sample is
instantaneously analyzed with essentially no sample loss and a
decreased background interference. This atomizer was developed
originally for the determination of trace metal pollutants in
environmental samples, particularly air analysis where the
concentration of trace metals is usually low and preconcentration
techniques or long term scrubbing devices are usually the only
means of concentration determination. This atomizer has been
68 74 75
previously used for the determination of Pb, Cd, and Hg, in
the atmosphere and in several aqueous and biological samples.
This atomizer will be described in detail in Chapter II.
The "quartz T" atomizer was the precursor of a "hollow T"
carbon atomizer which was introduced by Robinson and Wolcott in
76,77
1974. The "quartz T" is limited to volatile metal analyses
since the melting point of quartz is 1650°C. The "hollow T" can be
25
resistance heated up to 3200°C and can be used for the analysis of
virtually all metals except those that form stable carbides and
cannot be atomized at temperatures below 3200°C.
56
Figure 2 shows a schematic diagram of this atomizer which is
made totally of carbon, and heated electrically via the current
supplied by a step-down low voltage,high current transformer. The
sample is vaporized, decomposed and atomized in the stem part of
the "T" and drawn into the light path where absorption takes place.
The solvent is burned outside the light path and most of the
background absorption is eliminated. However, for elements whose
wavelength of absorption is less than 2400A, combustion products
may interfere in the determination thus, a background corrector 
56
is recommended. This atomizer has an overall higher freedom from
chemical and molecular interferences than commercially available
ones. The sensitivities for many elements are listed in Table II
and they are at least as good as or better than the mini-Massman
commercial atomizer. The accuracy and precision of both the
"quartz T" and the "hollow T" atomizers are superior to that of
commercial carbon atomizers because of the one step atomization which
minimizes sample losses during the preatomization steps.
Atomic absorption methods have excellent sensitivity and the
technique is specific for the metal of which the hollow cathode
light source is made. However, no metal speciation has been possible
solely by atomic absorption methods. Gas chromatography has been
proven to be highly effective in speciation studies of metal compounds.
Previous workers developed a GC-AA system for the determination of
11
Pb alkyls in gasoline. Gonzales and Ross developed a GC-AA technique
26
SAMPLE
LIGHT PATH
FIGURE 2: Schematic diagram of the "Hollow T" atomizer. 
Reference 56.
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TABLE II
SENSITIVITIES ( 14, ABSORPTION ) FOR SEVERAL ATOMIZERS: 
METAL "QUARTZ T" "HOLLOW T" P.E.HGA 70
Pb I X  10 _11 2 X 10'13 2.3 X 10”11
Cd 2 X 10-13 8 X 10"14 8 X 10‘13
Hg I X  10"11 6 X 10“10 1.5 X io“8
Zn     2.1 X 10“12
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for the determination of alkyl mercury compounds in fish. They
achieved separation of the different alkyl mercury compounds by GC,
followed by combustion of the eluate in the furnace and measurement
78 33 79
of the atomic vapor by AA. Coker as well as Katuo and Nakagawa
developed GC-AA systems using flame AA as the GC detector. Segar
80 81 
and Gonzales in 1971 and Fernandez in 1972 coupled modified
Perkin-Elmer HGA70 carbon atomizers to GC, but their detection
limits were poor due to loss of sample around the outside of the
heated carbon tube mainly due to the fact that these atomizers were
designed to handle mostly liquid samples and not gaseous samples.
O
Segar reported a sensitivity for Pb of 10" g for a 1 pi sample. It 
was evident that modifications were necessary to make the two 
systems compatible.
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The GC-AA system that was developed used a modification of
76,77
the "hollow T" atomizer, described earlier, as the detector.
The main changes were a significant reduction in the size of the
atomizer and a coupling of the stem part of the "T" to a transfer
line in order to link the GC column directly to the base of the
-9
"T". The sensitivity of this system was originally about 10 g
-12 82 
for Pb and was later improved to 10 g for Pb.
The method described here was fast, direct and specific for TEL.
In order to elucidate what would happen if TEL were released in
the oceans, the solubility of TEL in sea water under several
experimental conditions and the dissipation of TEL through water
were studied as well as the dependence of TEL dissolution with the
source of sea water. The experimental conditions included stationary,
29
mobile, light included and light excluded systems. From the 
experimental data obtained it was hoped that predictions could be 
made on the environmental impact of accidental TEL spills to 
marine systems.
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II. EXPERIMENTAL:
A. Description of Instrumentation:
1. Atomic Absorption Detection System Description:
A single beam optical system was used in this project. 
Figure 3 shows a schematic diagram of the optical path of the atomic 
absorption detector along with the associated readout system. The 
"hollow T" carbon atomizer used in this system completely decomposed 
even complex organic compounds at temperatures above 1600°C, thus 
no background absorption due to undecomposed samples interfered in
the determinations and there was no need for a complex double beam
system.
A description of the detector components of the instrument
following the light path follows:
a. Hollow Cathode Lamps: The light source has been one
of the most important components of an AA system. The hollow cathode
lamp used in this study was a demountable lamp designed and built
83
in this lab and is shown in Figure 4.
A potential of 300 to 600 volts at 25 to 50 ma current was
applied between the anode and the cathode of the lamp. The filler
gas (He) ionized at these potentials and when gaseous ions impinged 
upon the cathode, excited metal atoms were sputtered from the surface 
and emitted characteristic resonance line spectra. The total output 
of the lamp consisted of the emission spectra from the cathode 
material plus the emission spectra of the filler gas. The intensity 
of the emitted radiation depended upon the lamp current and pressure
of the filler gas. The higher the current, the higher the kinetic
energy of the filler gas and the larger the sputtering yield and
HOLLOW 
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FIGURE 3 : Block diagram of a single beam atomic absorption spectrophotometer.
Reference 82.
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FIGURE k : Demountable hollow cathode lamp. Reference 83.'
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thus the greater the intensity. However, line broadening occured 
because of Lorentz Broadening (pressure) and Doppler effects. The 
first effect was due to interatomic collisions and the latter effect 
was due to the motion of the radiating atoms relative to the detector. 
Line-reversal or self-absorption has been a problem in sealed lamps 
because a cloud of unexcited atoms, in front of the hollow cathode, 
may absorb some of the emitted radiation causing a decrease in 
signal intensity as well as a distortion of the resonance line 
because atoms will tend to absorb at the center of the resonance 
line. Demountable hollow cathode lamps have used a filler gas 
flowing constantly through the lamps to eliminate the need of 
purchasing several sealed lamps. Demountable hollow cathode lamps 
were also more intense.
b. Chopper(Modulation): Emission from excited atoms
is continuous and at the same wavelength as absorption. Modulation, 
by means of a mechanical chopper, was used in this system to avoid 
interference by emission from the sample. The hollow cathode lamp 
signal was chopped at a multiple of 60 Hz and the detector would 
only detect and amplify AC signals. Atoms absorbed only when the 
hollow cathode radiation was impinging upon them, but emitted 
continuously. Since the detector only detected AC signals, the 
effect of atoms reemitting at the same wavelength of absorption 
would be damped. In all studies undertaken in this work dealing with 
AA, modulation of the source was used.
c . The Atomizer and its Coupling to a GC Solumn: The
atomizer used for this project was a modified version of the "hollow
76,77
T" which has been described previously. This GC-AA system was
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previously developed for the determination of alkyl leads in 
11
gasoline.
The original "hollow T" design was reduced in size prior to 
coupling to a GC column outlet. Another modification needed was 
the coupling of a transfer line from the end of the column to the 
inlet of the "T".
The first design used in this project is shown in Figure 5.
The final design of this atomizer is shown in Figure 6. A minor 
modification was made to reduce loss of sample from around the 
atomizer base by improving the fitting of the atomizer to the 
transfer line connection. This minor modification improved 
reproducibility by about 10%.
The atomizer body consisted of a water cooled brass jacket 
and two water cooled electrodes that supported the carbon "T" and 
provided the electrical connections needed for resistance heating 
of the "T". These electrodes were connected to the low voltage 
side of a stepdown transformer by means of two # 0 welding cables.
The bottom electrode was hollow to allow coupling of a heated 
transfer line from the gas chromatograph to the atomizer. This 
transfer line was sealed to the atomizer by means of a special 
Teflon ferrule. The transfer line was fabricated from Pyrex glass 
and was resistance heated by means of asbestos-wrapped nichrome wire 
wrapped around the transfer line. This was followed by another 
layer of asbestos. The temperature of the transfer line was 
monitored by means of a chromel-alumel thermocouple pyrometer.
A 1/8" thick steel plate covered the top of the gas chromatograph 
and served as an optical table for the lamp, chopper, lenses, atomizer,
35
Figure 5
5
Schematic diagram of 
atomizer.
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FIGURE 6: Schematic diagram 
of the modified 
GC-AA atomizer
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monochromator and photomultiplier tube. A 1/2" diameter hole was 
drilled through the plate to allow the passage of the transfer 
line from the GC column. This hole was placed directly above the 
GC body. These are standard, commercially available components.
No further modifications to the GC were necessary.
The carbon "hollow T" part of the atomizer had to be carefully 
constructed for maximum sensitivity and good reproducibility. The 
stem of the "T" consisted of 1/4" emission spectroscopic grade 
carbon drilled with a 1/8" drill bit but not drilled all the way 
through. The 1/8" hole was bored up to 1/4" of the end of the 
carbon rod. A pinhole was punched through the remaining rod. This 
part with the small hole was connected to the cross piece of the "T" 
(the light path) as indicated in Figures 5 and 6. These two pieces 
were bound together by means of polymerization of furfuryl alcohol 
with as a catalyst.
The diameter and length of the pinhole had a direct bearing on
sensitivity. When the hole was too large or too short, the sample
did not have enough contact with the hot carbon for efficient 
atomization to take place. As the hole was made narrower and longer, 
atomization efficiency increased. There was an optimum length of 
about 1/8" to 1/4" for a pin size hole. When the hole was too small, 
clogging occurred due to soot formation in the combustion of the 
heptane solvent in the standard TEL samples. This required removal
and cleaning of the carbon "T".
d. Monochromator and Detector: After passing through
the atomizer, the light was refocused by a plano-convex lens onto 
the entrance slit of the monochromator housing. Inside the housing
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the light was dispersed by a diffraction grating. The 2833ft 
absorption line was chosen and then was detected by means of an 
R106 photomultiplier tube responsive in the range 1600A to 8000A.
The signal was then amplified by a phase sensitive A.C. amplifier.
2. GC-AA System Components and Miscellaneous Equipment:
Figure 7 shows the complete schematic diagram of the GC-AA
system.
a. Hollow cathode lamp (designed and built in this lab).
b. HCL Power Supply.
c. Pressure Gauge for Demountable HCL.
d. Microtek GC-2000-R Gas Chromatograph
e. Mechanical chopper.
f. "Hollow T" atomizer.
g. Varian - Techtron type Ml (SI-RO-SPEC) Grating 
Monochromator
h. Hammatsu Model R-106 Photomultiplier.
i. Hewlett Packard Model 6515-A High Voltage Power Supply,
j. Heathkit Photometric Readout Amplifier Model Ev-703-31.
k. Sargent Model XK Recorder with Variable Range Attachment
Power to Atomic Absorption Detector.
1. Hamilton 0-10 Microliter Syringe,
m. Precision Sampling Inc. 0-10cc Gas Syringe,
n. 50 ml Erlenmeyer Flasks Equiped with inert valves
(Figure 8).
o. ^  9 ml contrifuge tubes with tops,
p. E.H. Sargent and Co. centrifuge (bench top),
q. Orbit Water Bath Shaker.
r. Grey Silicone Septums; 1/2" diameter (Tek Lab).
3. GC Operating Conditions:
a. Column: 1/8" diameter Teflon column 18" long.
Packed with 20% Ucon Non-Polar on chromosorb P 
(Microter Inc.).
b. Carrier gas: Argon (''v 60 cc/min.).
c. Column temperature: 140°C.
d. Injection port temperature: 150°C.
e. Transfer line temperature: 140°C.
^ • AA Operating Conditions:
a. Lamp current ’ 35 mA.
b. High voltage on PM Tube: 400 V D.C.
c. Slit width: 25 /u.
d. Atomizer temperature: 1500°C.
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FIGURE 7: Schematic diagram of the GC-AA system with an
enlarged section of the AA atomizer.
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I N E R T  T E F LON V A L V E
FIGURE 8: Schematic diagram of reaction vessel
with specially designed Teflon valve.
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B. Chemicals:
1. Sea water: Collected from the Gulf of Mexico.
2. TEL (Ethyl Corporation)
3. Heptane (Baker Chemical Co„)
4. Artifical Sea Water:
Deoxygenated deionized water (1 liter):
+
Na as NaCl
Mg as MgCl£ 
+
K as KC1 
-H-
Ca as CaCl
.456 mmoles/I 
.054 
.01 
.01
Cl as NaCl, MgCl2, KC1, CaCl2 .543
SO^ as MgS04 .028
C . Experimental Procedure:
1. Vapor Study:
A 25 cc sample of sea water was placed in a 50 ml 
Erlenmeyer flask and 200 /ul of TEL were added. The flask was 
stoppered with a specially designed Teflon valve to prevent air 
leaks as shown in Figure 8 and covered with aluminum foil to exclude 
light since TEL was thought to be unstable when exposed to light.
The Teflon valves were needed because any rubber or silicone septum
previously used was severely corroded by TEL. Teflon seemed to be
resistant to TEL attack. 1 ml gas samples of the vapor over the 
liquid were analyzed using the GC-AA system. The concentration of 
TEL in the vapor phase was calculated by comparison to 1 yul aliquot 
injections of standard dilutions of TEL in heptane. The value 
obtained was only an approximation since this detector seemed to be 
volume as well as concentration sensitive.
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2. Short Term Solubility of TEL in Sea Water in Presence of 
an Excess of TEL:
Because TEL forms emulsions when mixed with sea water there 
could be errors in solubility determinations if some TEL droplets 
were injected into the GC-AA. The samples for this study were 
prepared in centrifuge tubes with screw tops with a hole 1/8" in 
diameter drilled through the top. A grey silicone GC septum was 
used in order to prevent TEL from escaping. These septa were 
covered with Teflon tape facing the solution to prevent decomposition 
of the septa by TEL.
Samples were prepared by completely filling the centrifuge 
tubes 9cc) with different filtered sea waters to observe any 
initial dependence of the dissolution rate of TEL into sea water due 
to trace substances in sea water. The samples were shaken for 24 hours 
in a circular shaker and then centrifuged for 5 minutes prior to 
analysis. Triplicate runs of each sample were carried out using 
5 yul of sample. The calculations were based on 5 /Ul injections of 
a TEL standard in heptane.
3. Long term solubility of TEL in Sea Water in Presence of 
an Excess of TEL in a Mobile System:
Samples were prepared as in 2. They were analyzed 
periodically by GC-AA. The samples were manually shaken for 10 
minutes and centrifuged for 1 minute prior to daily determinations.
The samples were shaken to simulate the constant motion of oceans 
and centrifuged to avoid injecting suspended TEL emulsions. Samples 
were run three times each and compared to TEL standards in heptane.
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4. Long Term Solubility of TEL in Sea Water in Light Excluded, 
Stationary Systems:
Four samples of sea water from different sources were 
prepared using the set up shown in Figure 8. To observe the effect 
of suspended material on TEL concentration, some of the samples were 
filtered and some were not. The specially designed valves were used 
to stopper small bottles which held about 33 ml when completely filled. 
Approximately 200 /il of TEL were added to about 33 cc of sea water.
This was a ratio of TEL and sea water comparable to the ratio used 
in previous studies. Light was excluded by covering the containers 
with aluminum foil. The samples were thoroughly shaken and allowed 
to settle for at least 2 months. They were then monitored 
periodically by GC-AA to evaluate long term behavior of TEL in 
stationary light excluded systems and to compare these results with 
the results obtained in the preceding study.
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III. RESULTS AND DISCUSSION:
A. Vapor Study:
TEL is a very volatile organometallic compound. Its density 
3 84is 1.653 g/cm at 20°C. When in contact with an aqueous system,
TEL sank to the bottom of the vessel and formed an isolated 
globular-shape phase because of its hydrophobic nature. Studies 
performed by a previous researcher in this laboratory revealed that 
TEL and water systems stoppered with rubber septa showed deterioration 
of the septa even though there was no physical contact between the 
solution and the stopper other than an air gap. Because TEL was 
not in direct contact with the stopper but lying at the bottom of 
the flask, it was suspected that TEL was travelling through the water 
phase and out into the air gap above. When this experiment was 
carried out as described in the experimental section, the 
concentration of TEL in the gas phase above the TEL- sea water 
mixture was found to be approximately 430 yug Pb as TEL per cc of 
gas. (-'v 670 /ug TEL/cc of gas). This was indeed a very high 
concentration. The results obtained were not taken as absolute but 
rather as an indication of the ease with which TEL can dissipate 
through water. This phenomenom was verified in a private
85
communication with a representative from Ethyl Corporation who 
obtained similar results when they tried to prevent TEL evaporation 
by pouring water on top of the spilled TEL. They found that the 
concentration of TEL in the air increased nearly as rapidly as if 
the water barrier weren't even present.
This study indicated that TEL would dissipate through sea water 
and into the atmosphere in an open system, thus providing a mechanism
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by which TEL could leave the sea water within a short time and 
enter the atmosphere where it would add to air pollution. Once in 
the atmosphere, the fate of TEL was not clear but TEL has been known 
to be sensitive to both thermal and photodecomposition.
But what if a spill from a cargo ship occurred in deep ocean 
waters? Most of the TEL would first sink. While dissipating 
through sea water and before reaching the surface, some of the TEL 
would probably dissolve and some would probably react with species 
present in sea water. These processes could be catalyzed by 
bacteria and/or trace metals that are present in sea water. In an 
open deep ocean, there are many cubic meters of water through which 
TEL would have to travel before reaching the atmosphere. These 
conditions could be very loosely approximated by experimenting with 
a closed system.
B. Short Term Solubility of TEL in Sea Water in the Presence of
an Excess of TEL:
Since ocean water is in constant motion, it was thought
to be of importance to find the solubility of TEL in a constant
motion system when an excess of TEL was present. It was also of
interest to investigate the influence, if any, of trace substances
in sea water from different sources on the solubility of TEL. The
sea waters were boiled and filtered to avoid TEL interactions with
bacteria and suspended particles.
Suspended materials were eliminated because TEL can adsorb
onto their surfaces and this would contribute to irreproducibility
36,37
of results.
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Table III shows the results of this study. 3 fil samples were 
injected into the GC-AA system and the concentrations were 
calibrated using 3 jul injections of a TEL standard in heptane. 
Triplicate measurements were performed. After a contact time of 
24 hours, TEL remained at the bottom of the centrifuge sample tubes 
in well defined spheres. The results indicated no real dependence 
of the dissolution of TEL in sea water with the source of sea water. 
The results obtained were quite reproducible because the samples 
were centrifuged prior to determination, thus eliminating the 
possibility of TEL present in an emulsion form. The reported 
values were true dissolved TEL concentrations under the experimental 
conditions at a room temperature of 24°C.
These values, however, did not agree with previously reported
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solubility values for TEL. Feldhake and Stevens reported the
solubility of TEL to be 0.13 and 0.19 mg Pb/1 at 0°C and 34°C
6 87
respectively. Grove used the Jones-Kaplan equilibrator to
determine the solubility of TEL in sea water. He reported that
the concentration of TEL in sea water after 1 hour was 0.3 mg Pb/1
and after 24 hours was 2 mg Pb/1. All of these values were obviously
much lower than the ones reported throughout this study.
The difference was basically due to different experimental 
conditions. The Jones-Kaplan equilibrator consisted of two glass 
cylinders, each of which contained a liquid phase. These cylinders 
were interconnected through the gas phase. Water was placed in one 
cylinder and TEL in the other. The equilibrator was set at a 
specified angle to the vertical and rotated. The movement of the 
two liquid phases (never coming into direct contact) caused the
TABLE III
CONCENTRATION OF TEL IN SEA WATER
Sample
Sea Water (boiled and filtered) 
Panama City, FLA
Sea Water (boiled and filtered) 
Panama City, FLA
Sea Water (boiled and filtered) 
Destin, FLA
Sea Water (boiled and filtered) 
Destin, FLA
Aig TEL /ml sample 
11
16
10
12
Concentration of TEL in sea water from different sources, 
after 2 k  hours in contact with an excess of TEL.
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vapor to be pumped from one side of the equilibrator to the other.
When this rotation was done for a sufficiently long period of time, 
enough material was expected to be transported from one liquid 
phase to the other through the vapor without the two liquids 
coming into contact. These experiments are usually done at constant 
temperature. Grove then used 4-2, pyridylazo resorcinol (PAR) to 
determine the Pb species present in the water phase. This colorimetric 
method is discussed in detail in Part II of this chapter.
The values for the concentration of TEL in sea water reported 
6
by Grove are not realistic based on data obtained in the previous 
vapor study and not representative of the conditions that would be 
prevalent in an actual TEL spill. First, TEL has very low affinity 
for water. Since only the TEL vapor comes into contact with the 
water, the concentration values found using the Jones-Kaplan 
equilibrator could not truly indicate the amounts of TEL that would 
dissolve if the two phases were in actual contact as it would be the 
case with a spill of TEL at sea. Second, TEL is known to have a 
very high vapor pressure and to dissipate through water showing very 
low affinity for the aqueous phase. If TEL were released, it would 
dissipate through the water and into the atmosphere above, but before 
it could reach the surface, dissolution as well as decomposition are 
probable processes.
The experimental conditions described here are by no means 
claimed to be the conditions that would prevail at the bottom of the 
sea, but they are more realistic and fitting than Grove's experimental 
conditions.
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C. Long Term Solubility of TEL in Sea Water in Presence of an
Excess of TEL in a Mobile System:
This study was similar to those described in the previous 
section. The samples were examined for over a period of two months 
and they were shaken daily for about 10 minutes and centrifuged for 
1 minute prior to analysis. Light was not excluded from the system.
TEL remained at the bottom of the sample tubes as a separate phase 
whose size decreased noticeably with time. No emulsion was observable. 
Figures 9, 10, and 11 indicate the results obtained. This study 
demonstrated that TEL did dissolve in sea water and that its 
concentration increased with time. The interactions of TEL with 
sea water are discussed in Part II of this chapter. A second peak 
with a longer retention time than TEL was observed in all determinations. 
This peak was due to a Pb containing species and it was believed to 
be a product of the interaction of TEL with sea water but of unknown 
identity at the time these studies were performed. The size of this 
unknown peak increased with time indicating that it was related to 
TEL dissolution in sea water. The peak was later identified by GC-MS 
to be PbEt^Cl. This discovery led to a new method of simultaneous 
determination of both TEL and PbEt^Cl by GC-AA. This is fully discussed 
in Part II of this chapter.
This study could indicate that in deep ocean waters, considerable 
amounts of TEL may dissolve in the sea water as it dissipates through 
the water. This study was compared with the following long term study 
where the system was stationary. The overall results seemed to be 
essentially independent of the source of sea water since these 
figures overlap rather well with each other.
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Figure 9 : Concentration of TEL in boiled sea water 
(Panama City) with respect to time. The 
sample was shaken for 10 min. and centri­
fuged for 1 min. daily prior to analysis.
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Figure 10 : Concentration of TEL in filtered sea water 
(Panama City) with respect to time. The 
sample was shaken for 10 min. and centri­
fuged for 1 min. daily prior to analysis.
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Figure 11 : Concentration of TEL in filtered sea water 
(Destin, Fla.) with respect to time. The 
sample was shaken for 10 mix:, and centri­
fuged for 1 min* daily prior to analysis.
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D. Long Term Solubility of TEL in Sea Water In Light Excluded, 
Stationary Systems:
The samples used for this study were essentially undisturbed 
for nearly 170 days after an initial vigorous mixing of about 1 
minute. After 170 days TEL was still present as a separate phase 
at the bottom of the containers. The sample reservoirs were larger 
than the ones used in the previous study but the ratio of TEL to sea 
water was essentially the same. Figures 12, 13, 14, and 15 show 
the results obtained versus time.
A comparison of Figures 12 through 15 showed that the dissolution 
of TEL was slower in the stationary-light excluded systems than in 
the periodically stirred systems. The exclusion of light would
probably have an effect on the decomposition of TEL but not on its
5
rate of dissolution. Noden reported that light exclusion did not 
seem to have a significant importance in TEL decomposition in sea 
water. This view supported the data obtained. Periodic mixing was 
probably the reason for the higher TEL concentrations in sea water 
found in the preceding study.
The results shown in Figures 12 through 15 were not nearly as 
reproducible as those obtained when the samples were centifuged.
The undisturbed samples probably contained some TEL as an emulsion.
If emulsion droplets of TEL were injected into the GC-AA system, 
the results would be higher than expected and lack precision.
Figure 12 shows the TEL concentration with respect to time for 
a deoxygenated artificial sea water sample. The concentration seems 
to increase with time. However, Figures 13 through 15 show a nearly 
negligible increase of TEL concentration with time for samples of
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Figure 12 : Concentration of TEL in artificial sea water
with respect to time in a light excluded, sta­
tionary sample#
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Figure 13 : Concentration of TEL in filterd sea water with 
respect to time in a light excluded, stationary 
sample*
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Figure 14 : Concentration of TEL in filtered sea water with
respect to time in a light excluded, stationary
sample*
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FIGURE 15: Concentration of TEL in unfiltered sea water with
respect to time in a light excluded, stationary
sample.
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natural sea water. There may be some trace elements or species in
natural sea water that may be inhibiting further dissolution of the
TEL or that may react with TEL.
It was interesting to observe that both samples shown in
Figures 13 and 14 had lower TEL concentrations than the sample shown
in Figure 15. The first two samples were composed of filtered sea
water whereas the latter one was not filtered. This seemed to
confirm previous findings by other workers who reported that TEL
5,36,37
adsorbs onto particulate material.
E. Precision of Method:
The concentrations of TEL were standarized against TEL 
standards in heptane as /ugPb/ml. Each reported value or point 
plotted was the average of at least three repeated analyses. It 
was noted that, for example, 2 /ul of 10.6 /ugPb/ml standard gave 
an area that was not twice the area of 1 /ul of the same standard 
but about two and a half times larger, indicating nonlinearity 
with respect to injected volumes. Therefore, care was taken in 
making proper dilutions of the standard so as to inject equal 
volumes of standards and samples. Injections ranged from 1 /ul to 
5 /ul according to the concentration present.
Since the instrument was not equipped with an integrator, and 
a planimeter was not available, cutting and weighing of the peaks 
was necessary. The standard deviation of the absorption peaks was 
calculated to be + 10 to 15%.
Figures 16 and 17 show the reproducibility of several consecutive 
injections of a standard and of a sample. The second unknown Pb peak 
is also shown in Figure 17. The identity and relationship of the
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FIGURE 16
Absorbance signals of 
consecutive 2 /ul injec­
tions of a 106.3 PPm Pb 
standard (as TEL in 
heptane) to demonstrate 
the reproducibility of 
the method.
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FIGURE17: Absorbance traces of two consecutive injections of a sample 
of TEL in sea water to indicate reproducibility.
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species causing this peak are discussed in Part II of this chapter.
F. Sensitivity:
11
The sensitivity of the system was previously determined 
by injecting increasingly dilute solutions composed of TML in 
n-heptane. The sensitivity was defined as the quantity of Pb 
necessary to produce a signal with an absorbance of 0.004 or 1% 
absorption. It was found that 1.5 x 10~^g Pb (as TML for 1 /ul 
injections of standard) gave 1% absorption. During these experiments 
the determinations were possible down to about 1 ppm Pb for a 5 /ul
_ 9
sample or about 5 x 10 g Pb. Because the areas of these peaks 
were determined by cutting and weighing, less than 1 ppm was not 
comfortably calculated.
If the noise level was taken into consideration and sensitivity 
were defined as that concentration which gives a signal that is 
twice the noise level, the sensitivity was found to be approximately 
7 x 10~^gPb. (The noise level was about 3 units and a 5.3 x 10“^g 
sample gave a signal o f /v  40 units.)
The minimum detectable amount using flame atomic absorption as
33
a GC detector was quoted as 2.0 x 10 g.
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IV. CONCLUSIONS:
These studies confirmed the previously reported ability of TEL 
to quickly dissipate through water and into the atmosphere. The 
concentration of TEL in sea water was found to be essentially 
independent of the type of water and to increase with time at rates 
dependent upon the experimental conditions.
These results suggested that TEL would lie at the bottom of 
the sea in a separate liquid phase, slowly dissolving into the sea 
water. Some of the TEL may rapidly migrate to the surface and 
evaporate into the atmosphere, but a large amount of it seemed to 
form another Pb species as indicated by the steadily increasing 
second peak in the chromatogram.
The concentration values reported in these studies were not 
to be quoted as solubility values for TEL because equilibrium with 
the separate phase of TEL, when present in excess, was never achieved 
during the time period of these experiments. The results seemed to 
indicate that more TEL would dissolve with time. The reported 
literature values were much lower than the ones found here but the 
experimental conditions were very different. It is believed that 
the results of these studies were more realistic in terms of actual 
conditions concerning TEL spills at sea.
The method described here was very simple, fast and direct. No 
sample preparation was required and very small samples were used 
(1 to 5 /ul) . The detection limit of the method was about 0.1/ig 
TEL/ml and an uncertainty of + 10% which are comparable to other 
methods. For example, the PAR and dithizone methods have + 5% 
precision for water samples and a detection limit of 0.05 ppm. For
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biological materials; these last two methods have + 10% precision and 
a detection limit of 0.5 mg/kg. The accuracy is quoted as 25%.
The detection limits of this method could be improved by at 
least one order of magnitude, if needed for more dilute samples, by 
modifying the carbon atomizer light path length and by varying the 
inner diameter of the stem of the "T" piece.
The environmental impact of a TEL spill is fully discussed in 
Part II of this chapter after the identity of a product of its 
interaction with sea water was determined. The identity of the 
product was found by GC-MS analysis to be PbEt^Cl, a very toxic 
compound which had never been analyzed by GC before.
CHAPTER I - PART II
SIMULTANEOUS DETERMINATION OF TEL AND PbEt-jCl BY GC-AA.
ENVIRONMENTAL IMPACT OF TEL SPILLS IN MARINE SYSTEMS.
I .  IN T R O D U C T IO N :
During the studies of the behavior of TEL in sea water using
the GC-AA system described in Part I of this chapter, a second
lead peak was observed. Upon analysis by GC-MS this peak was
identified to be PbEt^Cl. This discovery broadened the scope of
the project to the simultaneous monitoring of PbEt^Cl and TEL by
GC. These two environmentally important compounds had never been
analyzed by a direct method before.
It has been proposed that tetraalkyl lead compounds decompose
5,88,89
in blood and water by the following mechanism:
PbEt---- > PbEt3Cl--------- > PbEt2Cl^---- »Pb2+
fast very slow
If TEL were released to a marine system, it would be quickly
9,10
converted to PbEt3Cl which is more toxic than TEL. Because TEL
is soluble in fats, it can quickly go through the skin and cell
walls. Once inside the system, TEL reacts to form PbEtoCl which
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is very soluble in water ( ^  2g/100 ml of water ) and can be
readily distributed by blood throughout the body where it has been
10
estimated to remain without decomposition for at least 4 days.
The most important neurotic agent fo TEL poisoning is PbEt3Cl. Its 
main action is on the central nervous system. In vitro, PbEt3Cl 
inhibited tissue respiration in brain cells at concentrations as 
low as 7 x 10“7M probably by uncoupling oxidative phosphorylation.
10
This action was analogous to that observed by organotin compounds.
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PbEt^Cl^, a reaction product of PbEt^Cl, cannot inhibit
respiration of brain cells unless it is present in concentrations
greater than 10~^M. These two compounds also differ in the fact
that the toxic symptoms due to PbEt2Cl2 can be reversed by adding
-SH (sulfhydryl compounds) to the system whereas toxic symptoms
90,92
caused by PbEt~Cl cannot be reversed.
1(M1
Because TEL and PbEt^Cl are more toxic than PbEt2Cl2 and Pb + , 
it is important to know (a) how long would it take for TEL to 
completely convert to the lesser toxic forms of Pb and (b) which of 
the toxic forms predominate if an equilibrium existed among all 
four forms.
10
Cremer studied the effects of PbEt^Cl and TEL on brain cell
slices and found that PbEt^Cl was about 100 times more toxic than
TEL. It was also found that even though it was necessary to
inject more TEL than PbEt^Cl to kill rats, the amount of PbEt^Cl
found in the brain was the same in both cases indicating that the
toxicity of TEL was probably due to its conversion product, PbEtjCl.
Once formed, PbEt^Cl concentrated mostly in the blood, liver,
kidneys, and brain, the latter being the most sensitive to small
amounts. Unless death occurred due to exposure to lethal dosages,
recovery was complete. This was fortunate since there has been no
known treatment. Neither TEL nor PbEt2Cl2 reacted with BAL, EDTA or
2+
sulfhydryl compounds whereas PbEt2Cl2 and Pb did. Quick elimination
of these last two Pb forms from the affected system could be done 
3,10,90,92
this way. It is fortunate that these organo-lead compounds
8
are neither teratogenic nor mutagenic. In order to assess the 
environmental impact of TEL spills, it is necessary to know which
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forms of Pb are predominant and their relative stabilities.
The importance of speciation is evident.
It has been postulated that the main action of TEL in a system
is as follows: PbEt^ quickly converts to PbEt^Cl which has a
multieffect on the central nervous system by interfering with
cholinergic and adrenergic transmissions. By interfering with
adrenergic processes, a transformation of norepinephrine into an
aminochrome is stabilized by acetylcholine leaking from cholinergic
neurons following inhibition of pseudocholinesterase. These factors
cause a psychotogenic complex resulting in hyperirritability, posture
difficulties, tremors, convulsions, general disturbances in the
central nervous system, low blood pressure, lowered body temperature
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and sneezing (TEL is sternutatory; ie sneezing inducer).
ADRENERGIC 
T R A N SM ISSIO N  
^INTERFERENCES.
^AMINOCHROME
PbEtr ^PbEtqCl ^''>&?SYCiiOTOGLNIC
' j - A C E T Y L C H O L I N E ^ ^  COMPLEX
y f  LEAK  
i C H O LIN ERG IC  s  
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IN T ER FER E N C E
2+
The symptoms of intoxication due to PbEt2Cl2 and Pb are
essentially the same for these two species and they include
abdominal colic, stippling of red blood cells, punctuate basophilia
and slight loss of body weight. If lethal doses are supplied to
9,10,90
test animals, no visible symptoms are observed prior to death.
In all cases of lead poisoning, if sublethal doses are administered,
3
total recovery is observed.
The dose that when supplied to test animals, 50% of the test
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10
animals die is called the LD^. Cremer found the ED^q f°r TEL
and PbEt^Cl to be approximately 15 and 11 mg/kg of body weight
respectively, using rats as the test animals. Those that died of
the PbEt^Cl doses died usually in 24 hours whereas those rats
that were administered TEL lived up to 14 days following exposure.
On the other hand, rats that were given PbEt^Cl^ in concentrations
ranging from 20 to 40 mg/kg didn't behave significantly different
from controls except in some body weight loss. Similar results
were obtained when doses of lead acetate of up to 100 mg/kg were
10
administered to rats.
These experimental results emphasize the importance of
speciation. If TEL were to decompose quickly and form PbEt2Cl2 
24*and Pb , the toxicological impact of a release of large amounts of
TEL into the environment would not be nearly as severe as it
would be the case where TEL and PbEt^Cl predominate. Therefore, it
is important to determine which form of Pb is present in a given
system at a given time and the physical and biological lifetimes
of these compounds under different conditions. It is also important
to know whether or not there is complete conversion to the inorganic
form or if an equilibrium exists among all forms. It has been also
recently reported that certain microorganisms present in lake
sediment can convert ionic lead compounds into organic species by
45
methylation in vivo and subsequent storage in tissue. Some of 
these questions are hopefully answered by this work.
There are several methods that are currently used for the 
simultaneous determination of TEL and its chlorinated products.
A differential pulse polarography method allowed the determination
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of (PbEtg)"*" + (PbEt2)^+ + Pb^+ using a -1.0 v plating potential and
then by using a plating potential of -0.7 v, (PbEt2)^+ + Pb^+ were
obtained. (PbEtg) + was then determined by difference. To determine
TEL by this method alone was not possible. Total Pb would have to
be determined and then TEL, again, by difference. This method was
93,94
good for ppb analysis, but has hot been widely used.
The currently most widely used methods for the determination of
all four Pb species have multistep "wet" methods. They have been
subject to potential errors due to sample losses and reagent
induced conversions. These time consuming methods usually involved
many steps and the final analysis was done by colorimetry. Methods
using either dithizone or 4-2, pyridylazo resorcinol (PAR) reagents
13,14,88
have been used most frequently. For example, the PAR
method has been based on the formation of a colored complex of PAR 
with PbEt2Cl2 and Pb^+ . If all four species were present in solution, 
this method first required the masking of any Pb present with CDTA 
(1,2-Diamino cyclohexane-NNN’N ’ tetraacetic acid) followed by 
treatment with IC1 to reduce PbEt^ and PbEt3Cl to PbEt2Cl2 . Then PAR 
was added. This step gave a sum of PbEt^, PbEt^Cl and PbEt2Cl2*
From another portion of the sample, TEL was extracted with hexane 
and determined by either MS, AA or anodic stripping voltametry.
?4-Conversion of TEL to Pb was necessary prior to determination by 
AA. This conversion was usually accomplished by treatment with Br2 
in CCl^. Conventional AA instruments have used an evaporation step, 
followed by an ashing step and finally an atomization step. TEL 
was so volatile that the sample would be lost in the evaporation 
step, therefore, it was necessary to convert the TEL to a nonvolatile
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Pb form prior to determination.
To another portion of the sample or to the portion of the
sample from which TEL had been extracted, CDTA was added to complex 
2+any Pb present, and then PAR was added. In either case, only 
PbEt2Cl2 reacted with PAR. Pb^+ could be determined by total Pb
determination by AA, MS, and anodic stripping voltammetry. After
2 +  24*all forms were reduced to Pb , the original amount of Pb present
in the sample was found by difference. Since total Pb and the sum 
of TEL, PbEt^Cl, and PbEt C ^  were known as well as TEL and PbEt2Cl2 
were individually known, the amount of PbEtgCl and Pb+  ^could be 
calculated. An alternate route involved the additional step of 
using a portion from which TEL had been extracted and adding CDTA 
and IC1. All PbEt^Cl was converted to PbEt2Cl2 and this step gave 
the sum of PbEt^Cl and PbEt2Cl2* The precision of the method was 
5% for aqueous samples with a detection limit of 0.05 mg/1. For
biological materials the precision was + 10% and the detection
5
limit was 0.5 mg/kg. The overall accuracy was 25%. The other
5
methods were similar. Figure 18 shows a diagram developed by Noden
indicating all possible routes for determination of all Pb species.
The GC combination methods permitted fast and direct speciation
of lead alkyl without prior separation. A GC-AA system was developed
11
in this lab for the determination of alkyl leads in gasoline. This 
work deals with the development and application of a technique for 
direct determination of both PbEt^Cl and TEL in sea water using the 
previously developed GC-AA system.
GC in general poses the problem of not being useful for the 
separation and analysis of non volatile compounds. When this project
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THE DETERMINATION OF 
TETRA ALKYL LEAD COMPOUNDS AMD THETR 
DEGREDATION PRODUCTS IN NATITRAL WATFRS
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FIGURE 18: A diagram developed by Noden ^ for the 
determination of PbR^ ., PbRaCl, PbR2Cl2 , 
and Pb"*"^ .
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was begun, the aims of the experiment were to determine the solubility 
of TEL in sea water and its rate of disappearance from the system. 
However, a second peak due to a Pb containing compound was observed 
in the chromatogram. GC-MS studies led to the identification of 
this peak. Surprisingly, it was PbEt^Cl. This compound was ionic, 
a solid at room temperature and has never been reported to be 
separated by gas chromatography. The development of the column to 
achieve this separation and analysis of TEL and PbEt^Cl was quite 
by chance. In investigating the solubility and stability of TEL in 
sea water, a column packing material that would have a short 
retention time for TEL was desired. Tricresyl phosphate, 20$ on 
Cromosorb VJ Tek lab, Inc. was used previously in the analysis of 
lead alkyls in gasoline but the TEL peak was rather broad and had
TM
a retention time of several minutes for the conditions used. U-con 
nonpolar happened to be available and was packed in a 1/8" diameter 
Teflon column 18" long. In the analysis of TEL, a second peak 
appeared in the chromatogram. Its identity was determined and a 
new direct, simple and sensitive method for the determination of 
both TEL and PbEt^Cl was developed. The ability to determine 
PbEt^Cl by this technique expanded the scope of the study to not 
only solubility and dissipation analysis of TEL, but to the rate of 
formation and accumulation of PbEtgCl under several experimental 
conditions with respect to time, and to study the existing equilibrium 
between these two environmentally significant species.
In order to separate a compound from a mixture by GC, volatility 
usually has been the major consideration. PbEt^Cl, a solid at room
8*4-
temperature, has been estimated to decompose at 220°C. PbEt2Cl2 and
and Pb were considered to be ionic. These compounds could not be
removed by coagulation, a process used for removing inorganic Pb
from waste water but have been removed by ion exchange processes.
TEL has been known to convert to PbEt-Cl spontaneously in waste
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water. Once in this form it could be removed by ion exchange.
Conventional AA has been limited to total lead determination
but when combined with a GC system, the possibilities of speciation
of metal compounds have been limited only by the volatility of
the organometallic compound in question. Even if the compound
were to decompose at a particular temperature, the metal content
would still be determinable as long as it travelled through the
column to the detector.
The method described here was fast, approximately 10 to 15
minutes, and no sample preparation was required. The only drawback
of the method was its inability to detect, PbEt2Cl2 and Pb^+ .
However, these two forms of Pb have not proven to be nearly as
toxic as PbEt^Cl and TEL, and from experimental evidence, PbEt3Cl
seemed to be the dominant species with a very slow reaction rate
to form PbEt Cl0. If information on these two lesser toxic Pb 
2 2
species were needed, total Pb determination by AA minus the PbEt^Cl
and TEL content would give the sum of the concentrations of PbEt2Cl2 
2+and Pb . Both of these two latter Pb compounds have very similar 
toxicities and can be tolerated by living systems without serious 
effects so long as lethal doses are not given.
The studies performed utilizing this new method were as follows 
Interaction between TEL and sea water.
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Short and long term solubility of TEL in sea water and 
formation of PbEt^Cl in the presence of an excess of TEL 
with sea water from different sources in a mobile system. 
Long term solubility of TEL in sea water and formation of 
PbEt^Cl in presence of an excess of TEL in sea water from 
different sources in light excluded stationary systems. 
Equilibrium between TEL and PbEt^Cl in sea water with no 
excess of TEL present.
From the results obtained, it was hoped that a better 
understanding regarding the behavior of TEL in sea water would be 
achieved.
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II. EXPERIMENTAL:
A. Instrumentation:
1. GC-AA:
A complete description of the GC-AA system was given in 
Part I of this chapter in the experimental section. These studies 
were performed simultaneously with TEL determination but the identity 
of the second peak was not known until GC-MS analyses were performed.
2. GC-MS:
A Hewlett-Packard GC-MS computer system 5985-A was used 
for the analysis of the TEL samples in sea water in order to 
determine the identity of the Pb compound giving rise to the second 
peak observed in the chromatogram and to check the purity of the TEL.
The GC conditions used in the GC-MS analysis were the same as 
those utilized with the GC-AA system except that the flow rate was 
reduced in the GC-MS to about 40 cc/min, because of flow limitations 
with the jet separator system as specified by the equipment 
manufacturer.
B. Experimental Procedure:
1. Interactions Between TEL and Sea Water:
Four samples composed of artificial and natural sea water 
were prepared using the set-up described in Figure 8. To about 33 cc 
of water, 200 yul of TEL were added. Light was excluded by covering 
these containers with aluminum foil. The samples were then shaken 
throughly and allowed to settle for at least two months. A typical 
GC-AA trace of these samples is shown in Figure 19. These samples 
were periodically checked using the GC-AA system in order to follow
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FIGURE 19: Typical GC-AA absorbance trace of a sample of PbELt 
in sea water.
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TEL dissolution and formation of PbEt^Cl with respect to time.
These samples were also analyzed by GC-MS in order to determine the 
identity of the second unknown peak when the experiment was in its 
early stages. The same column and flow rate specifications as 
previously mentioned for the GC-AA operation were used in the GC-MS 
study with the exception of a slower flow rate ( ^ 4 0  cc/min.) than 
the flow rate used with the GC-AA system ( ^ 6 0  cc/min.) because 
of GC-MS jet separator flow rate specification limitations.
2. Short Term Solubility of TEL in Sea Water and Formation 
of PbEt^Cl in Presence of an Excess of TEL:
The procedure for sample preparation was the same as that 
on page 42 of Part I. Once the identity of the second peak was 
determined, its concentration was calculated and plotted versus time.
3. Long Term Solubility of TEL in Sea Water and Formation 
of PbEt-^Cl in Presence of an Excess of TEL in a Mobile 
System:
The same samples as those described on page 42 of Part I 
were used for this study.
4. Long Term Solubility of TEL in Sea Water and Formation of 
PbEt^Cl in Presence of an Excess of TEL in Light Excluded, 
Stationary Systems:
The samples used for the GC-MS determination were also 
studied with respect to time in terms of the TEL concentrations and 
formation and accumulation of PbEt^Cl.
5. Equilibrium Between TEL and PbEt^Cl in Sea Water with no 
Excess of TEL Present:
Three samples were prepared by mixing approximately 9 cc
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of sea water with 60 *il of TEL in centrifuge tubes as previously 
described. The samples were vigorously mixed for 20 minutes and 
then centrifuged for 15 minutes in order to remove any TEL from 
solution present as an emulsion. After 2 hours, the supernatant 
sea water was separated from the excess TEL and transferred to clean 
centrifuge tubes. The supernatant sea waters of the other two 
samples were separated from the excess TEL 30 and 40 days after 
they were prepared, respectively. All samples were analyzed 
periodically for TEL and PbEt^Cl. The change in concentration during 
periods up to 24 days was noted. This study was particularly 
important for the determination of the time required for complete 
disappearance of TEL in an aqueous system. If TEL completely 
decomposed to PbEt^Cl, then it may form the other less toxic forms: 
PbEt2Cl2 and Pb2+.
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III. RESULTS AND DISCUSSION:
A. Interactions Between TEL and Sea Water;
This experiment was originally setup for studying the 
solubility of TEL in sea water under several conditions and its 
accumulation or disappearance from the system with respect to 
time. This was discussed in Part I of this chapter.
Tetraethyl lead has been proposed to decompose by first forming
p+
PbEtsClo This in turn is believed to form PbEt2Cl2 and then Pb . 
However, there has been little or no evidence of complete conver-
. 131,2+ 5sion to Pb
The PbEt^Cl and the other more ionic forms were not expected 
to go through the GC. However, the appearance of a "second peak" 
in the chromatogram, enabled the expansion of the study to the 
identification, and the monitoring of the formation and accumulation 
of one of TEL's decomposition products by GC. Figure 19 shows a 
trace of a sample of TEL in sea water.
Studies employing both a Deuterium lamp and a nonresonance line 
from the hollow cathode lamp (2800 A) showed no absorption at all, 
indicating that this peak was due to a Pb compound. In addition, 
this second peak increased steadily with time for the same solution, 
always had the same retention time, and was reproducible. Due to 
these observations, it was suspected that this compound was a result 
of interactions between TEL and sea water resulting in a compound 
volatile enough to travel through the GC column under the experimental 
conditions.
Four samples were analyzed by GC-MS. Three samples were mixtures 
of TEL with natural sea water, two were filtered and one deoxygenated,
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and the other was composed of artificial deoxygenated sea water.
All the samples were light-tight to prevent photodecomposition of 
TEL. Filtering of some of the samples was performed to study the 
effect of the presence or absence of suspended materials in sea 
water on the dissolution of TEL. The deoxygenated sample was 
prepared to avoid any possible bacterial decomposition of TEL in 
some of the samples and to observe the effects on the oxygenated 
ones. Natural sea water has many trace elements whereas synthetic
sea water does not. If these trace elements catalyzed or inhibited 
TEL reactions with sea water, it would be expected to be evident 
from these samples.
All four samples were analyzed by a GC-MS computer system and 
some of the results are shown in Figures 20-22. Figure 20 shows 
the total ion peak and different isotopes of lead peaks for the 
synthetic water sample. Figure 21 shows the total ion peak for a 
filtered natural sea water sample, water and TEL were diverted.
From Figure 22 and Table IV^the second peak was unmistakably 
identified to be PbEt^Cl. All samples contained the same compound 
in different amounts, but the same compound nevertheless. The 
same reaction product was observed regardless of bacteria, 
particulate material present, trace elements or sea water source. 
After the compound was identified, it was easily understood why it 
was not important what else was present in the water.
As previously mentioned in the introduction, PbEt^Cl is a 
solid at room temperature, very soluble in water and much more toxic 
than TEL. This was a case where the reaction product was more toxic 
than the reactant. The identification of this compound enabled the
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FIGURE 20IGC-MS analysis of a mixture of TEL in synthetic 
sea water. This figure shows the second Pb con­
taining peak observed in the chromatogram. Total 
ion peak and different isotopes of Pb peaks.
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FIGURE 21: Total ion peak of a sample of TEL in natural 
sea water. This is the peak corresponding 
to PbEt3Cl.
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FIGURE 22: Mass Spectrum of the second peak observed in
the GC-AA trace of a sample of PbEt4 in sea 
water: PbEt3Cl.
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TABLE IV
MASS ABUND
1 90 . 9
190 1 . 0
191 1 . 3
192 . 8
194 1 . 0
195 . 9
196 1 . 7
197 1 . 1
199 . 4
2 0 0 3 . 6
2 0 2 . 9
2 0 3 2 . 7
2 0 4 4 . 2
2 0 6 2 5 . S
2 0 7 3 5 . 2
2 0 8 7 8 . 8
2 0 9 3 0 . 7
2 1 0 1 . 2
211 . 8
2 1 2 1 . 6
2 1 3 . 6
2 1 4 1 . 6
2 1 6 . 6
2 1 7 3 . 2
2 1 8 1 . 8
HASS ABUND
2 1 9 2 . 4
2 2 0 2 . 2
221 1 . 3
2 2 2 1 . 0
2 2 2 1 . 2
2 2 3 . 8
2 24 . 6
2 2 5 2 . 4
2 2 7 1 . 9
2 2 8 . 9
2 2 9 .6
2 3 0
231
2 3 2
2 3 3
2 3 4
2 3 5
2 3 6
2 3 7
2 3 8
2 3 9
241
2 4 2
2 4 3
2 4 4
Pb*.
P b ~
P b a o o
1.1 
1 . 7  
1 . 0 
4 . 7  
.8 
41 . 7
4 6 . 0
1 0 0 . 0 P b E t
2 . 4
1 . 0
2 7 . 0
2 5 . 0
63.3PbCI
9 . 5
HASS ABUND NASS ABUND
2 4 5 2 1 . 2  P b C I . 7 2 9 6 2 . 1
2 4 6 1 . 1  37 2 9 7 2 . 2
2 4 7 1 . 1 2 9 9 2 4 . 4
2 4 8 . 7
2 4 9 . 5 3 0 0 2 9 . 6
2 5 0 . 6 301 61 . 4
2 5 0 . 6 3 0 2 1 0 . 3
251 . 7 3 0 3 1 6 . 4
251 1 . 2 3 0 4 1 . 4
2 5 3 . 9 3 0 5 . 4
2 5 4 1 . 0 - 3 0 6 . 5
2 5 4 . 7 3 0 8 . 4
2 5 5 1 . 1 3 0 9 1 . 0
2 5 6 . 8 3 1 0 . 6
2 5 7 1 . 1 311 . 6
311 . 4
2 5 9 1 . 6 311 . 5
2 6 0 1 . 1 3 1 3 1 . 3
2 61 . 9
2 61 . 8 3 1 5 . 6
2 6 3 1 . 6 3 1 5 . 7
2 6 4 8 . 1 3 1 6 . 6
2 6 5 8 . 8 3 1 7 . 6
2 6 6 1 0 . 7  P b ( E t ) , 3 1 9 5 . 4
2 6 9 2 . 8  1 3 2 0 6 . 3
2 7 0 2 . 9 321 9 . 9
2 71 8 . 3 3 A 2 1 . 1
HASS ABUND iIASS ABUND
2 7 2 9 . 0  P b C L E t  3 2 3 . 5
2 7 3 7 . 7 3 24 1 . 0
2 7 4
2 7 5
4 . 8  P b C L E t  3 2 5  
1 . 4  r u u Slt- ‘ 3 2 6
. 6
. 6
2 7 5 . 9 3 2 7 . 4
2 7 6 . 9
2 7 7 . 9 3 2 8 1 . 4
2 7 8 . 8 3 2 9 1 . 4
2 7 9 1 . 3 3 3 0 2 . 5
2 8 0 . 4 331 1 . 5
281 . 8 3 3 2 . 6
2 8 2 . 6 3 3 2 . 7
2 8 2 1 . 3 3 3 3 . 9
2 8 3 . 6 3 3 3 . 7
2 8 4 . 8 3 3 5 . 8
2 8 4 . 9 3 3 6 . 4
2 8 5 1 . 1 3 3 7 . 7
3 3 8 . 4
2 8 6 1 . 1 3 3 9 . 6
2 8 7 2 . 0 341 . 5
2 8 8 2 . 8
2 8 9 1 . 3 3 4 2 . 4
2 91 1 . 7 3 4 3 1 . 5
2 9 2 . 5 3 4 4 . 6
2 9 3 1 4 . 7 3 4 5 2 . 7
2 9 4 1 3 . 6 3 4 7 1 . 3
2 9 5 3 2 . 6 P b ( E t ) 3 4 8 1 . 0
M.S. tabulation of the second peak observed in the GC-AA trace 
of a sample of PbEt4 in sea water: PbEt3Cl.
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expansion of this study to the determination of both TEL and 
PbEt^Cl utilizing a new, direct and simple method. The fact that
PbEt Cl travelled through the column indicated that it was volatile.
3
Figures 23 and 24 and Table V show the total ion mass as well 
as the isotopes of Pb peaks due to TEL in the heptane standard.
There was no PbEt3Cl present in the TEL prior to mixing with sea 
water. The heptane solvent was diverted.
B . Short Term Solubility Study of TEL in Sea Water and Formation
of PbEt_Cl in Presence of an Excess of TEL: 3------------------------------------
When the second peak obtained in the chromatogram was identified 
to be PbEt„Cl„ the areas of these peaks were determined and the
J  ^
PbEt Cl concentration calculated.
3
Table VI shows the TEL and PbEt^Cl concentrations observed 
for these solutions. The concentrations of PbEt^Cl in sea water 
after constant swirling for 24 hours were found to be about one 
order of magnitude higher than the concentrations of TEL present.
Although no real dependence of solubility was observed of these 
two Pb compounds in sea water from different sources, it should be 
pointed out that both samples containing sea water from Panama City 
had an average TEL concentration higher than those from Destin 
whereas the PbEt^Cl concentration was lower in samples with sea 
water from Panama City and higher in samples from Destin. No 
microorganism interactions were expected since the samples were 
boiled. Suspended matter was excluded by filtration. There could 
have been some interaction with trace constituents in the sea water 
with TEL dissolution and formation of PbEt2Cl as well as subsequent 
degradaton of the latter. However, no definite conclusions were
85
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2 0 7 . 0
TOTAL
ION
FIGURE 25•' Total ion mass spectrum of the TEL peak from 
a sample of TEL in heptane. No PbEt3Cl was 
observed.
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FIGURE 2b: Mass Spectrum of a sample of TEL in heptane.
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TABLE
£ P H u i 2 0 1 0  SPECTRUM
18 R E T .  TIHE *
HASS ABUND HASS ABUND
9 3 . 4 35 2 . 3
10 6 . 9 35 1 . 9
11 4 . 2 36 1 . 9
12 7 . 7 3 7 2 . 3
14 5 . 0 38 3 . 1
15 4 . 6 39 1 9 . 2
16 4 . 2 4 0 6 . 1
16 4 . 6 41 5 4 . 4
13 4 . 2 4 2 1 1 . 9
19 3 . 1 4 3 5 2 . 5
19 3 . 4 4 4 3 . 8
20 3 . 1 4 8 1 . 9
21 4 . 6 4 9 i . 9
2 2 2 . 7 5 0 3 . 1
23 2 . 3 51 4 . 2
24 3 . 1 52 2 . 7
25 2 . 7 5 3 5 . 4
25 3 . 1 55 1 4 . 9
27 1 6 . 5 5 6 3 0 . 7
28 1 0 . 7 5 7 4 3 . 7
29 1 8 . 0 58 3 . 4
30 2 . 3 5 9 1 . 9
32 6 . 5 6 0 2 . 3
33 3 . 1 6 0 1 . 9
34 3 . 1 6 3 2 . 3
ABUND HASS ABUND
3 . 1 105 1 . 9
2 . 3 107 1 . 9
2 . 7 112 1 . 9
2 . 3 116 1 . 9
3 . 8 117 2 . 7
7 2 . 8
1 0 0 . 0 121 1 . 9
3 . 8 130 2 . 3
2 . 3 134 1 . 9
2 . 7  
1 . 9 147 1 . 9
3 . 8 151 1 . 9
3 . 4
1 4 . 9 2 0 4 1 . 9
2 . 3 2 0 7 1 4 . 9
1 . 9 2 0 8 3 0 . 7
2 0 9 1 9 . 5
2 . 3  
1 . 9 2 3 3 3 . 4
1 . 9 2 3 5 2 3 . 8
2 . 3 2 3 6 2 3 . 4
1 . 9 2 3 7 5 2 . 1
7 0 . 1 2 3 8 2 . 7
8 . 8 2 4 2 1 . 9
3 . 1
2 6 4 3 . 4
h a s s  ABUND
2 6 5  4 . 6  Pta°1ttJL
2 6 6  9 . 2  Pbice£t
2 9 3  1 3 . 8  -tZC-,r
2 9 4  1 9 . 9  P b  ’ t t 3
2 9 5  4 8 . 6  P b 2ce£ t ,
2 9 6  4 . 2
V
1 . 2
HASS
6 5
66
6 7
68
6 9
7 0
71
7 2
7 6
7 9
8 2
83
84
85
86
8 7
91
9 2
9 2
9 7
9 8
100
101
103
M.S. tabulation of PbEt4 in heptane. Only PbEt4 and no PbEt3Cl 
was observed.
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TABLE VI
CONCENTRATION OF PbEt3Cl AND TEL IN SEA WATER 
No. Sample jug TEL/ml sample Aig PbEt^Cl/ml
1 Sea Water (boiled, filtered) 11 173
Panama City, FLA
2 Sea Water (boiled, filtered) 16 1^6
Panama City, FLA
3 Sea Water (boiled, filtered) 10 I85
Destin, FLA
Ij- Sea Water (boiled, filtered) 12 208
Destin, FLA
Concentration of TEL and PbEt3Cl in sea water from different 
sources, after 2 k  hours in contact with an'excess of TEL.
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made because of the experimental errors involved in the determination 
of a very broad PbEt^Cl GC peak from a very narrow GC peak of the TEL 
standard.
6
Grove performed a similar study but using an open tank. About
20 l.of water were poured onto about 80 ml of TEL. The system was
gently stirred. He reported that the TEL concentration in solution
was 0.06 mg Pb/ml after 1 hour and 0.16 mg Pb/1 to 2.8 mg Pb/1
2+after 15 days. The PbEt2Cl2 and Pb concentrations in solution 
were not reliable. This open tank experiment showed the accumulation 
of PbEt^Cl and the solubility increase of TEL with time. These 
phenomena were also observed in these present studies but at much 
larger concentrations mainly because of different experimental 
conditions and probably also because of a more direct method of 
analysis that allowed no sample losses or induced conversions by
addition of reagents.
6 2+Grove also observed that PbEt^Cl^ and Pb were very slow, if
at all, in forming. This observation was particularly important for
the present study since the method proposed cannot be used for the
determination of these two more ionic Pb forms.
C . Long Term Solubility of TEL in Sea Water and Formation of
PbEt^Cl in the Presence of an Excess of TEL in a Mobile System:
This study was simultaneously done with the one described on
page 49. TEL concentration in sea water was found to increase with
time. At the same time, PbEt^Cl concentration in sea water was found
to increase considerably with time in these samples that were shaken
daily for 10 minutes and centrifuged to avoid emulsion formation.
Figures 25 through 27 show the results obtained for both TEL and
90
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FIGURE 25 ’• Concentrations of TEL and PbEt3Cl in boiled
sea water (Panama City, Fla.) with respect to 
time. The sample was shaken for 10 min. and 
centrifuged for 1 min. daily prior to analysis.
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FIGURE 26: Concentrations of TEL and PbEt3Cl in filtered
sea water (Panama City, Fla.) with respect 
to time. The sample was shaken for 10 min. 
and centrifuged for 1 min. prior to analysis.
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FIGURE 27: Concentrations of TEL and PbEt3Cl in filtered
sea water (Destin, Fla) with respect to time. 
The sample was shaken for 10 min. and centri­
fuged for 1 min. daily prior to analysis.
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PbEt^Cl. As long as there was TEL present at the bottom of the 
container, the concentration of both TEL and PbEt^Cl increased with 
time.
The concentrations of TEL found would be expected to be lower 
if the system were open to the atmosphere as would be the case if 
a spill were to occur in shallow ocean water. However, as TEL 
travelled through water and before it would reach the surface, 
PbEt^Cl would be formed as predicted from the experimental results 
obtained. In deep ocean waters, TEL may never make it to the 
surface.
Due to the high solubility of PbEt^Cl, it could quickly 
disperse in an essentially infinite mass of water. The only real 
threat would be to fish that may become in contact with PbEt^Cl and 
TEL at the spill site before dispersion.
Figure 28 shows the combined results for all three samples.
No dependence with sea water source was observed.
D . Long Term Solubility and Stability of TEL and Formation of
PbEt^Cl in Presence of an Excess of TEL in Light Excluded,
Stationary Systems:
The same samples that were used for the identification of 
PbEt^Cl by GC-MS were monitored for over a period of about 170 days 
and they were essentially undisturbed for that period of time except 
for the drawing of a few microliters of sample for analysis at 
certain intervals. Both TEL and PbEt^Cl concentrations were studied 
w ith respect to time and the results are shown in Figures 29 through 
32.
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FIGURE 28: Concentration of TEL and PbEt3Cl in sea 
water with respect to time.
0 >  •  SEA WATER, PANAMA CITY, FLORIDA 
&  A  SEA WATER, FILTERED, PANAMA CITY, FLORIDA 
SEA WATER, FILTERED, DESTIN, FLORIDA
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_  „ A  PbEt3Cl
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FIGURE 29: Concentrations of TEL and PbEt3Cl in artificial
sea water with respect to time in a light 
excluded, stationary sample.
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FIGURE 30: Concentrations of TEL and PbEt3Cl in filtered 
sea water with respect to time in a light 
excluded, stationary sample.
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FIGURE J l : Concentrations of TEL and PbEt3Cl in filtered 
sea water with respect to time in a light 
excluded, stationary sample.
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FIGURE 32: Concentrations of TEL and PbEt3CL in sea
water with respect to time in a light excluded, 
stationary sample.
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When comparing Figures 29 through 32 with Figures 25 through 
27, it was observed that both the dissolution of TEL and the formation 
of PbEt^Cl were much slower in the stationary, light excluded system 
than in the periodically stirred systems. As previously discussed 
on page 53 of Part I, light exclusion was probably not the cause for 
these differences. Periodic mixing of these samples in the preceeding 
study was probably responsible for the higher levels of both TEL and 
PbEt^Cl obtained.
In the stationary systems, the bulk of TEL remained at the 
bottom of the containers and any dissolution or conversion to PbEtgCl 
must occur at the surface boundary of the two phases. When these 
mixtures were stirred, the TEL "sphere" was broken into numerous small 
globules with very large surface area available for interactions with 
the sea water.
Figure 33 shows the combined results for all samples. The 
concentrations of both TEL and PbEt^Cl seemed to be higher in 
artificial sea water than in natural sea water samples indicating 
that there could be trace substances present in natural sea water 
that somehow participate in dissolution of TEL, formation of PbEt^Cl 
and/or degradation of both of these compounds.
E . Equilibrium Between TEL and PbEt^Cl in Sea Water With no Excess
TEL Present:
Results have demonstrated that TEL, once in contact with sea 
water, quickly formed PbEt^Cl. It was thought to be of interest to 
establish (a) if TEL completely converted to PbEt^Cl and (b) how fast 
the reaction took place. Since there was no excess of TEL present 
to replenish any TEL loss due to formation of PbEt^Cl, the
100
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FIGURE 33" Concentration of TEL and PbEt3Cl in sea 
water with respect to time.
O #  ARTIFICIAL SEA WATER.
A A  SEA WATER, PANAMA CITY, FLA.
□  ■  SEA WATER, PANAMA CITY, FLA.
O  A  SEA WATER, PANAMA CITY, FLA.
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disappearance of TEL from solution with time would indicate complete
conversion to PbEt^Cl. Figure 34 shows the results obtained.
The time taken to centrifuge off the excess TEL and determine
the PbEt^Cl and TEL was about one hour. The concentration of
PbEt^Cl in the samples that were in contact with TEL for several
days was about 600 ppm and 900 ppm and the TEL was 20 ppm and 24 ppm.
On prolonged standing the TEL concentration remained fairly constant
but the PbEt^Cl seemed to decrease. The results indicated an
equilibrium between these two compounds rather then a complete
reaction of the TEL. The loss of PbEt^Cl may have been caused by
conversion to PbEt2Cl2jwhich we did not measure, or by adsorption
on the containing vessel. Formation of PbEt Cl has been reported
6 2 2
to be very slow.
The concentration of PbEt^Cl in the sample that was in contact 
with TEL for 2 hours was considerably lower (320 ppm) perhaps 
because of the lower exposure time to excess TEL. In contrast to 
the first two samples, PbEtgCl did not decrease with time. The 
TEL concentration behaved in the same manner as that observed in 
samples 1 and 2, again indicating an equilibrium between TEL and 
PbEt Cl.
88,89
Calingaert reported that PbEt^Cl thermally decomposed in
the gas phase by the following mechanisms:
3 PbEt Cl^=5? 2 PbEt + PbCl + EtCl 66%
3 4 2
2 PbEt3Cl±r^: Et4Pb + PbCl2 + Et-Et 34%
These mechanisms indicate that even if all of the TEL present 
temporarily formed PbEt^Cl, TEL would reform. The other possible 
route of decomposition of PbEt^Cl was to form PbEt2Cl2» This would
102
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FIGURE Equilibrium between PbEt3Cl and PbEt4 in sea
water with respect to time.
o  •  sample I: sea water, boiled and filtered. 
A A sample 2: sea water, boiled and filtered. 
□ ■ sample3;sea water, boiled and filtered.
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indicate a decrease in PbEt Cl concentration with time as observed
3 88,89
in Figure 34 for samples 1 and 2. Calingaert also reported
that PbEt Cl thermally decomposed by the following mechanisms:
2 ^
2 PbEt„Cl ±==7 PbEt Cl + PbCl„ + EtCl 67%
2 2 '  3 2
PbEt2Cl2 PbCl2 + C 4Hi 0 33%
If PbEt^Cl formed PbEt^C^, the latter in turn may reform PbEt^Cl, 
but this process was very slow. Although PbEt2Cl2 cannot be 
determined by the method proposed here, it is certain that all 
three forms existed in equilibrium. The results obtained for sample 
3 indicated basically no change in PbEt^Cl concentration. The 
mechanism of decomposition for PbEt^Cl to PbEt2Cl2 was probably 
much slower at lower concentrations that at higher concentrations of 
PbEt3Cl.
This study indicated that even when no excess of TEL was 
present, the dissolved TEL was in equilibrium with the PbEt^Cl formed. 
Unless the latter was completely decomposed, there would always be 
some TEL present in the system. There were two important factors 
to consider in assessing the potential toxicity of TEL: First, TEL
formed PbEt^Cl which has been shown to be very toxic. Second, 
because of the high solubility of PbEt^Cl in water and the constant 
motion of the oceans, the PbEt^Cl formed would disperse rather 
quickly, would be diluted rapidly and the overall concentration
of Pb in the ocean would not rise sharply. Studies performed in the
k
Adriatic Sea after a period of four years following the Cavtat 
incident indicated that there was no significant lead contamination 
in the vicinity of the wreck. This recent finding, published about 
a year after the completion of the study described here, confirmed
104
the theory of quick dissolution of PbEt^Cl. It was also reported
that phytoplankton and macrophytes did contain above normal lead
levels indicating uptake and accumulation of Pb compounds from
sea water and that lead alkyls were not readily degraded chemically
into inorganic lead but could persist for a certain length of time
in the environment. No speciation studies were performed, only
4
total Pb concentrations were measured.
Because of the rapid dilution of PbEt^Cl in the vast oceans, 
the environmental impact of spills such as that of the Cavtat 
incident was not catastrophic.
This incident, however, brought to attention the need for a 
better understanding of the behavior and distribution of toxic 
chemicals that are transported in large amounts across the oceans 
in case of accidental spills, the difficulty in analyzing alkyl 
lead compounds in sea water, and the need for speciation in order 
to determine the toxicological impact of alkyl leads in the 
environment.
2+
F . Qualitative Analysis of TEL, PbEtpCl, PbEtpCl^ and Pb by
an Experimental Variable Temperature AA System:
96
J.W. Robinson and L. Rhodes have developed in this laboratory
an AA system capable of speciating different compounds of the same
metal by differential vaporization prior to introduction of the
sample into the atomization chamber. As different Pb forms are
vaporized from a sample, they enter the atomization chamber at
different times and are essentially resolved.
97
Figure 35 shows the results obtained when one of the samples
FIGURE 35: Analysis of a sample of TEL in sea water
97by the Variable Temperature Atomizer.
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of TEL and sea water was analyzed using this newly developed 
system. These results further substantiated the results previously 
obtained by GC-AA. It was observed that all four Pb compounds 
were present and that PbEt^Cl was, by far, the predominant species.
107
IV. CONCLUSIONS:
After studying TEL-sea water systems under several experimental 
conditions, several characteristics of the system were observed 
which allowed predictions to be made regarding the environmental 
impact of a possible TEL spill.
It was observed that although some of the TEL may migrate to 
the surface and evaporate into the atmosphere, a large amount of 
TEL would form the more stable, more toxic and more water soluble 
PbEt^Cl. In closed systems, it was observed that the concentration 
of both TEL and PbEt^Cl increased steadily with time. In open 
ocean, PbEt^Cl would quickly disperse and be diluted.
Studies of TEL and PbEt^Cl in sea water with no excess TEL 
present indicated an equilibrium between these compounds with 
PbEt^Cl being the predominant species. TEL was also found to be 
more more stable and photodecomposition resistant than expected.
The method developed for these studies was very fast (about 
10 minutes), direct and simple. No sample preparation was 
required and i^l size samples were used. This was the first method 
that allowed direct determination of both TEL and PbEt^Cl by GC 
without sample preparation or prior physical separation.
All previously available methods, for the determination of 
this pair in mixtures involved time consuming, laborious wet 
chemical procedures. The detection limit of the method was 0.1/ug 
TEL/ml and had a precision of + 10% which was comparable to other 
methods.
The only major disadvantages of the method were that PbEt2Cl2
•y .
and Pbz-'r could not be determined directly, however, it has been
108
demonstrated that these two Pb compounds were not of high toxicologi- 
cal impact.
The results obtained indicated that if a large spill of TEL 
were to take place, there would be a serious potential threat to 
marine life but dilution of PbEtgCl in sea water would allow rather 
fast dispersion.
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"DEVELOPMENT AND APPLICATION OF AN ELECTROCHEMICAL 
METHOD FOR THE REMOVAL OF HEAVY TRACE METALS FROM
SOLUTIONS"
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DEVELOPMENT OF AN ELECTROCHEMICAL TECHNIQUE FOR THE 
THE REMOVAL OF ULTRATRACE LEVELS OF HEAVY METALS 
FROM WATER BY ACCELERATED ELECTRODEPOSITION.
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PART I
DEVELOPMENT OF AN ELECTROCHEMICAL TECHNIQUE FOR THE REMOVAL 
OF ULTRATRACE LEVELS OF HEAVY METALS FROM WATER BY ACCELERATED
ELECTRODEPOSITION
I. INTRODUCTION:
A. Importance of Ultrapure Water in Analytical Chemistry. Review
of Methods Currently Used In Water Purification:
"Water has always been a vital material for man's
existence. Its use for drinking, cooking, agriculture,
transport, industry and recreation immediately shows the
extent to which it is an integral part of our life, even
romantic properties have been ascribed to this unique
substance. No matter what the purpose for which water
is required, it has long been recognized that it can be
affected by other substances dissolved and/or suspended 
..98m  water.
Water is the universal solvent. It comprises over 90% of the 
human body and without it life could not exist on earth. Industrial 
water cleaning and potable water treatments to render water suitable 
for drinking, irrigation and cleaning purposes are major concerns of 
industries and cities. There are thousands of articles dealing with 
sludge cleanup, sea water desalination, drinking water treatments, 
etc. However, methods leading to the preparation of ultrapure water 
are of prime interest to the analytical chemist involved in trace 
metal analysis.
Water of high purity is required in the analytical lab for the 
preparation of aqueous standards, for cleaning glassware and for
110
Ill
blank determinations. The purity requirements of the water depend
on the application.
99Rossini said that there is no substance on earth that has 
absolute zero impurities in it, nor can man ever make it. The 
analytical chemist can never say that a particular compound is 
absent from a sample. As measurements are attempted at concentra­
tions approaching the limit of detection, the uncertainty of the 
measurement is greater than the signal being measured. lOO’^ l  ^
addition, the number of interferences usually increases exponentially
102as the detection limit is lowered.
The earliest requirement for ultrapure water was in electro­
chemical research where the primary concerns were to obtain water 
with the lowest possible conductivity and with a neutral pH. The 
need for high purity water has increased considerably in recent 
years. Ultrapure water is needed in biochemical research regarding 
the effect of trace chemicals in the environment and for the analysis
of metals in trace concentrations that are essential for the
16
sustainment of life. Nuclear reactor cooling systems^^ require 
very pure water otherwise, the impurities present in the water may 
be activated by the high neutron flux in reactors. The semiconductor 
and electronic industries require washing of surfaces of solid state 
devices and vacuum tube parts with very pure water.^04,105
Improvements in various technologies and the creation of 
entirely new analytical fields have steadily advanced the art of 
water purification as well as the need for ultrapure water in the 
analytical lab. Total water purification has been limited by the
112
ability of the purification system to remove all contaminants and 
by the contamination supplied to the water by the purification 
system itself
The conductivity of intrinsic water was calculated to be 
0.0548 x 10“6 MHOS/cm at 24°C^^ and assesment of purity has been 
usually done by conductivity measurements. The greater the 
difference between the conductivity of a water sample and that of 
intrinsic water, the larger its contamination. This method of 
water purity assessment is poor because conductivity is not 
significantly affected either by impurities at the ppb level or by
1 *7
suspended material that may be present in the water.
A readily available supply of pure water is one of the most
18important facilities in the laboratory. Techniques for production
16,17,18,19
and analysis of ultrapure water have been comprehensively reviewed. 
Some of the common conclusions reached after carefully studying 
many systems of water purification are that systems that employ 
Pyrex or metallic containers generally produce water containing 
higher levels of ionic impurities than are found in water purified 
in quartz or in synthetic plastic apparatus.17,106
Water of high purity can quickly become contaminated by the 
container used for storage and by exposure to air. Contamination 
could be due to desorption of materials previously adsorbed on the 
container and also due to the dissolution of materials from which 
containers are made. These processes are called positive 
contamination.^
Whatever the method used to prepare the water, its purity
113
should be checked before the water is used for standard and sample
preparations in order to assess the quality of the blank. In many
cases, the water used to prepare the standards and to dissolve the
sample may contain significant amounts of the constituent to be
determined. If this constituent were present in the sample in very
low concentrations, it would be difficult to determine its
concentration over a high background. The importance of high purity
water in ultratrace analysis cannot be over-emphasized.
Ultrapure water is essential for trace metal analysis leading
to the establishment of meaningful tolerance limits and detection
limits of toxic pollutants, to elucidate the role of trace metals
in biological functions, and to determine mechanisms by which heavy
19metals act as toxins in living systems, etc.
All water supplies contain substantial amounts of suspended and 
dissolved contaminants which can seriously interfere with chemical 
and biological test procedures. For example, water with a specific 
conductance of 1 x 10-6 MHOS/cm may contain as much as 400 ppb of 
CaCC^. This water would be unsuitable for the preparation of Ca 
standards to be used for atomic absorption analysis since the 
sensitivity of this technique for Ca is about 2 ppb.^®^*'*'®® The 
presence of some trace metals in water may cause interferences in 
analytical procedures. For example, the presence of Cu at levels 
of 1 ppm interfere with the determination of cortisone and cortisol 
in urine by paper chromatography
Water purity has been defined by the American Chemical Society 
(A.C.S.), the College of American Pathologists (C.A.P.), the
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American Society for Testing and Materials (A.S.T.M.), the National
Committee for Clinical Laboratory Standards (N.C.C.L.S.) and other
professional organizations.
Table VII lists the standard specifications for reagent grade
1 1 0 111 1 1?water established by some of these societies. * * The
requirements for reagent water as defined by the American Chemical
112Society are as follows:
Specific conductance at 25°C: Not more than 2.0 x 10“  ^ ohm“lcm \
Silicate (as Si02): Not more than 0.01 ppm.
Heavy metals (as Pb): Not more than 0.01 ppm.
Substances reducing permanganate: To pass test.
Type I water is the one of highest purity level and it has
been used for procedures requiring accuracy and precision such as 
atomic absorption spectroscopy, flame photometry, blood gas, 
enzymology and specific ion determinations. It has been the water 
of choice when a minimum level of ionized constituents is necessary 
for preparation of solutions for trace analysis. The preparation 
of the water requires distillation, deionization and filtration.
Type II water can be produced by double distillation. It has 
been usually the water of choice for chemical analysis other than 
trace metal analysis and for biological tests that require sterile 
water free of organic contamination.
Type III and type IV waters can be produced by distillation, 
ion exchange or reverse osmosis. Type III has been considered pure 
enough for general laboratory testing. Type IV, somewhat less pure 
than type III, has been usually the choice when large volumes of
TABLE VII WATER PURITY TYPES
SPECIFICATION METHOD TYPE I TYPE II TYPE III TYPE
TOTAL MATTER ASTM 0.1 0.1 1.0 2.0
(mg.liter, Max.) CAP - - - -
NCCLS - - - -
ACS - - - -
SPECIFIC CONDUCTANCE ASTM 0.06 1.0 1.0 5-0
(Micromhos, Max. ) 2.5*C CAP 0.10 2.0 5.0
NCCLS - - - -
ACS - - - 2.0
pH at 25°C ASTM - - 6.2 - 7.5 5-0 -
CAP 6.0 - 7.0 6.0 - 7.0 6.0 - 7.0 -
NCCLS N.A. N.A. 5-5 - 7-5 -
ACS - - - -
POTASSIUM PERMANGANATE ASTM 60 60 10 10
REDUCTION (Minutes, Min.) CAP 60 60 60 -
NCCLS 60 10 - -
ACS TO PASS TEST - - -
PARTICULATE MATTER, MAXIMUM ASTM - - - -
SIZE IN MICRONS Oum) CAP - - - -
NCCLS 0 0 - -
ACS - - - -
SILICATE (mg/liter, Max.) ASTM - - - -
AS Si02 CAP 0.01 0.01 0.01 -
NCCLS 0.05 0 1 1.0 -
ACS <0.01 - - -
HEAVY METALS (as Pb) ASTM - - - -
(mg.liter, Max.) CAP 0.01 0.01 0.01 -
NCCLS - - - -
ACS <0.01 - - -
STANDARD SPECIFICATIONS FOR REAGENT GRADE WATER BY VARIOUS METHODS (110 A 11 »112 )
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water of moderate purity can be used.
The most commonly used processes for preparing ultrapure
water have been distillation and deionization by ion exchange methods.
Other less commonly used methods have included freezing, reverse
17,107,110
osmosis, filtration, subboiling distillation and electrophoresis.
Distillation has been the traditional and oldest method of
producing pure water for many purposes. Repeated distillation was
113
used by Kohlrausch and Heydweiller in 1894 to produce water with
a conductance of 0.062 x 1 0 ~ &  MHOS/cm at 25°C. After 42 consecutive
back and forth distillations of the water between two evacuated
glass vessels, only a few milliliters of water were left.
Although, ideally, distillation should give a perfect separation
of water from nonvolatile solids, there have been several factors
that cause contamination of the distillate. Water "wets" all
internal surfaces of the still and by the combined effect of
capillary action and of the vapor flowing over the film of water,
some water carrying inpurities with it find its way to the condenser
and into the collection vessel. This "creeping" effect can be
avoided somewhat by heating the entrance to the condenser in order
to "boil" that film of water and redistill it before entering the 
"11/
condenser. Another factor, probably the most significant one in 
limiting the efficiency of the distillation process, has been the 
"entrainment" or "carry-over" of impurities into the distillate.
This occurs because water bubbles break with violence at the surface 
of the water during boiling. Airborne droplets of water can be 
carried over with the vapor. Since these droplets have not been
117
vaporized, separation from dissolved impurities has not been 
achieved. There are many designs of spray traps used to minimize 
entrainment.^^»^^^»^^^,‘*'^  ^ Other problems with distillation have 
included the inability to separate water from impurities of
107
similar boiling points and from particles in the range of 1-1000 /urn.
The subject of selection of materials for the construction of
stills has been carefully investigated for more than a century.
113Glass was the material used by Kohlrausch and Heydweiller but some
contamination of trace.metals that may be present in the glass and
that can leak into the water may be possible. Fused quartz,
polyethylene and Teflon have been considered to be the materials
best suited for still construction. Aluminum, tin, and stainless
steel stills have been widely used, but contamination of water with
the materials of which the stills are made and trace contaminants
119,120
could be as high as several ppm.
Distillation is still the best method to remove organic
impurities, bacteria, viruses and pyrogens.
Ion Exchange Methods have been frequently used following
distillation of water in order to remove ionic species that may
still be present in the water. This further cleaning is usually
referred to as "polishing". Since the work of Adams and Holmes in
1935, deionization by ion exchange has been an accepted method for
121
the purification of water. Extensive work was devoted to the 
development of suitable resins that would achieve maximum removal 
of ions from water. With the development of the "mixed-bed" or 
"monobed", where cation and anion exchangers are mixed together^
118
122,123,124,125 
removal of both cationic and anionic species was achieved.
In deionization, water is purified by passing it through beds
of one or more types of ion exchange resins for which contaminating
ions in the water have an affinity. The ions are attracted to the
exchange sites of the resin and replaced in solution by others,
usually H+ and 0H~ given up by the resins. The resins are usually
made of polymeric materials in the form of beads that contain both
strong acid and strong base sites that can exchange with ions in
solution. The laws of ion exchange processes are standard textbook 
126,127
material.
The main limitations of deionization processes have been the
inability to remove dissolved organic materials and particulates,
the leaching into water of organic materials present in the resin
and bacterial growth in the system.
Some of the published results obtained by both distillation
and ion exchange processes and combination of both are shown in
Tables VIII128 and IX16 and Figure 36.106
Haller and Duecker reported the preparation of very pure water
(0.0589 x 10“  ^MHOS/cm at 25°C) by Electrophoretic ion exclusion.
The method involves repeatedly recirculation of water through an
electric field of 1000 v/cm maintained between cation and anion
129selective membranes. The method, however, is not widely used.
Sub-boiling distillation using pure quartz or Teflon stills can 
prrduce very pure water. This technique involves the use of infrared 
radiation to vaporize the surface of the water without boiling it.
The vapor is then condensed on a tapered cold finger and a distillate
119
TABLE VIII
ANALYSIS OF WATER FOR CATIONS (ng/g/128  ^
___________________ WATER SAMPLES___________
ELEMENT A 3 Ba ca D3 ’
Ag < 1 1.0 0.01 0.002
Ca >10 ,000 50.0 1.0 0.08
Cd - - < 0.1 0.005
Cr 10 - < 0.1 0.02
Cu 30 50.0 0.2 0.01
Fe 200 0.1 0.2 0.05
Mg 8,000 8.0 0.3 0.09
Na 10 ,000 1.0 1.0 o.o6
Ni <10 1.0 < 0.1 0.02
Pb <10 50.0 0.1 0.003
Sn <10 5.0 < 0.1 0.02
Ti 10 - < 0.1 0.01
Zn 100 10.0 < 0.1 o.ol
aSample A, tap water, Phillipsburg, N.J.; sample B, tap water purified 
by two-stage distillation (commercial metal still); sample C, tap 
water purified by train of carbon, mixed-bed resins, and 0 . 2 jum cellulose 
acetate filter; sample D, deionized water purified by sub-boiling 
distillation.
^Sample D was analyzed by isotope dilution; samples A,B, and C by 
emission spectroscopy after concentration of a 1000 ml sample.
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TABLE IX
ANALYSIS OF WATER AFTER PURIFICATION BY VARIOUS METHODS 
CONSTITUENT TAP WATER DISTILLATION ION EXCHANGE BEDS
A 1 10
SINGLE DOUBLE
1.0
SEPARATE
0-3
MIXED RE! 
1.0
Ag 0.5 - - 0.2 -
B 100 - - 80 -
Ba 15 - - 2 <0.006
Ca 82,000 - - 500 <10
Cl 13,000 - - 0 <10
Co - - - - <0.002
C02 5,500 - - 0 20
Cr h - - 2 0.02
Cu 8 200 1.6 2 0.5
Fe 50 - 0.9 2 0.5
h c g 3“ 3it-6,ooo - - 0 0
Li 10 - - N.D. -
Mg 33,000 - - 100 <0.02
Mn 1 - - 2 <0.02
Mo 10 - - N.D. <0.02
Na 1,500 - - 0 20
Ni N.D. - - 2 0.002
Pb 2 55 1.5 1 0.5
Si02 86,000 - 150 200 10
S04“2 39,000 - - 0 0
V 100 - - N.D. -
Zn N.D. 20 <5 20 0.5
Resistivity (JL) I9OO 250,000 3 x 101
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T R A C E  M E T A L S  A F T E R  
P U R I F I C A T I O N  S T E P S
Zn FbCu Fe Ai Z n P b C u F e A l ZnPbCuFeAl Zn PbCuFeAl 
TA P W ATER ONCE D l S T .  T W I C E  DIST. ION EXCH
FIGURE Jo: Amount of certain trace metals in Toronto tap water,
in water after passing through a metal Barnstead still, 
in water from the Barnstead still redistilled in an 
all-Pyrex apparatus, and in water from the Barnstead 
still passed through a mixed-bed ion exchange column. 
Each value represents the average of several determina­
tions. Ref. 106.
122
is collected in a suitable container. "Creeping" of the
unrectified liquid and entrainment of particulates in the vapor
1 7stream due to bubble ruptures are avoided.
This method has been extremely efficient in separating
impurities of low vapor pressure but of little help in cases where
the vapor pressure of the impurities is significant. Figure 37
shows a Du Pont sub-boiling distillation still and the results of
130the analysis of water obtained by this method. The analysis
was performed by a spark source mass spectrographic isotope
dilution m e t h o d . A t  present, sub-boiling distillation produces
by far the purest water available.
Freezing, zone melting, extractions and complexation techniques
have also been used for water purification but are not as successful
in producing large volumes of pure water or yielding a degree of
purity as high as that produced by distillation-deionization 
131techniques.
Reverse osmosis processes can purify feed water by applying a
high pressure to force pure water through a membrane. Commercial
reverse osmosis apparatus employing either hollow fibers or membranes
have been capable of rejecting more than 85-95% of the inorganic
salts and organic and colloidal contaminants. This procedure is not
suitable for production of ultrapure water because water purified
this way still may contain trace metals often at the ppm level. The
132
technique has been primarily used for sea water desalination and 
still is the subject of extensive research. This author worked 
extensively on the development of polysulfone hollow fibers for
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FIGURE 57
IMPURITIES IN WATER FROM A SUB-BOILING DISTILLATION METHOD1^0
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Pure quartz  sub-boiling still
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water desalination purposes while working at Gulf South Research
Institute in New Orleans, La.
Adsorption methods using activated charcoal have been the
most frequently used methods for removing dissolved organic
contamination from water.107,111 sigworth and Smith1^  studied
the feasibility of trace metal removal by activated charcoal but
they were not successful.
Water may also contain a measurable amount of particulate
matter that cannot be eliminated by distillation and/or deionization 
128methods. Membrane and carbon filters have been commonly used in
conjunction with distillation and deionization.
. ..107,110,111
Many commercial and experimental designs19.105,134
using distillation-deionization-filtration combinations are
104
available. Koontz and Sullivan discussed the preparation of 
high purity water by the following sequence: distillation to
remove bulk contaminants, filtration through activated charcoal for 
removal of organics, monobed ion exchange filtration for removal of 
ionic species, bacteria and particulate matter and sterilization via 
UV radiation. A combination system can be obtained from Barnstead 
for about $3,000.00.111
It is obvious that a single process cannot completely purify 
water for ultratrace analysis. Ultratrace may be defined as less 
than 1 ppm or less than 1 u^g absolute.1  ^ The sensitivity for Cd 
using anodic stripping voltammetry is. 0.005 ppb.1 Ultrapure water 
obtained by distillation followed by deionization using a Research II
125
—6ion exchanger from the IWT Co. with a conductivity of 0.067 x 10 
MHOS/cm at 25°C contains about 0.1 - 1.0 ppb Cd. Therefore, this 
water, which was just about the best water that could be easily 
prepared, was not a suitable medium for the preparation of 
standards for anodic stripping analysis of Cd.
As the detection limits of analytical methods are improved by 
new developments in instrumentation and techniques, the need for 
ultrapure water becomes an essential requirement.
This work centers on the removal of heavy metals from water 
in order to obtain water of suitable purity for the analysis of 
environmental and biological samples by using atomic absorption 
spectroscopy by means of a "quartz T" atomizer built in this lab.
B. Need for the Development of a Readily Available Simple Water
Purification System:
The "quartz T" atomizer was briefly mentioned in Chapter I and 
its operation is discussed in the experimental section of this 
chapter. This atomizer was developed originally for the analysis of 
environmental and biological samples. This atomizer, capable of 
analyzing solid, liquid and air samples, is shown in Figure 38. In 
using this atomizer for the determination of Zn, Pb and Cd at very 
low concentrations, it was observed that the distilled deionized water 
used gave measurable signals for Pb and Cd and very large signals 
for Zn. Since the main objective for the use of this instrument was 
the direct analysis of biological and environmental samples where 
these metals are in very low concentrations, ultrapure water was 
needed to prepare standards for quantitative determinations. The
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FIGURE 38: Schematic diagram of the Quartz "T" Carbon Atomizer. Reference 9T<
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sensitivities (1% absorption) of this instrument for Pb and Cd
—11 -13were previously determined to be 1 x 10 ± g and 2 x 10 g
respectively.56 Zn was not succesfully analyzed due to the very
high signals obtained from the carbon bed alone. After several
hours or several days of heating the carbon bed, only about 70% T
was achieved.
The water used in these experiments was distilled and deionized. 
Therefore, the need for further cleaning or polishing of the water 
was evident.
An electrode system was developed by this author in order to 
achieve further cleaning of distilled deionized water. This 
electrode system was subsequently used for the determination of 
stability constants of complexes, in complexation studies at very 
low concentrations, kinetics of complexation and exchange of 
cations in complexes at low concentrations.
The stripping electrode used for further cleaning of water was 
based on principles similar to anodic stripping voltammetry and 
electrodeposition. The preliminary and final designs of the 
electrode system are discussed in this work. The electrode was 
very simple, essentially a carbon cup made out of spectroscopic grade 
carbon. The cup was packed with small carbon pieces to increase the 
surface contact between the carbon and the water to be cleaned. The 
electrode was kept negatively charged by an external DC source. As 
water flowed through the cup, cations of heavy metals were expected 
to deposit onto the cup, thus leaving the water. The electrode 
designs were thought to be feasible based on proven electrochemical
128
techniques.
C. Theoretical Basis for the Stripping Electrode:
It has been demonstrated that controlled potential electrolysis
at a mercury cathode has been an efficient, simple, and rapid method
for the removal of trace metals from aqueous solutions ^5,136
Electrolysis of dissolved Na2CC>3 has been carried out with a
platinum anode and mercury cathode under argon at a potential of
-1.5V versus a standard calomel electrode. The final concentrations
of Cr, Cu, Fe, and Ni in the electrolyte were less than 7, 10, 10,
137and 10 ng/g of the carbonate,respectively.
Polarographic techniques have been used primarily as methods of
analysis for trace metals. As early as 1950, the practical
considerations of the quantitative electroseparation of submicrogram
amounts of elements have been discussed. The removal of ions in
solution at low concentration has been achieved not only by
electrochemical processes but by adsorption of traces of metal onto
the walls of the electrode system. It has been argued that at
submicrogram concentration levels both of these processes are
probably equally strong.^"^’^ ^
Bassos and coworkers found that small amounts of reducible
metal ions can be concentrated from large volumes of dilute solutions
141by electrodeposition onto pyrolytic graphite electrodes. Because
electrodeposition has been usually done by immersing the electrodes 
into the solution to be analyzed, the efficiency of the process was 
dependent upon stirring, pH, current density, the presence of foreign 
ions, and kinetic problems. It could be extremely time consuming to
129
achieve total deposition of the species of interest using this
12 8
arrangement. Zief and Mitchell reviewed the literature on the
subject of electrolytic deposition for quantitative separation of 
ultratrace elements and found that there were only a few definite 
investigations regarding this technique.
a particular potential between a counter electrode and a dripping 
Hg electrode was a function of the concentration of one or some of 
the species in solution through which the current was flowing. This 
discovery led to the development of polarography.
In polarography, it has been assumed that the measured current 
was "diffusion limited". This would mean that diffusion was the 
only mode of transport by which the electroactive current producing 
particles can reach the electrode. When the applied potential becomes 
more negative than the halfwave potential, any ion which arrived at 
the electrode surface by diffusion, could immediately undergo an 
electron transfer reaction.
The current that flows through the system has been shown to be 
a function of the concentration of the species migrating to the 
electrode. This current can be calculated using the Ilkovic equation 
for a dripping mercury electrode system
I/O
Heyrovsky discovered in 1924 that the current flowing at
i 607 1/6 (3)d t
where i^ = average current in microamperes
n = number of faradays per mole of reactant
C = concentration of the electroactive material in 
millimoles/liter
D = diffusion coefficient of the electroactive species in 
cm /sec
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m ~ mass rate of flow of mercury through the capillary used 
in mg/sec
t = drop time in seconds
By the use of the electrode system to be described in this
work, the efficiency of removal of the cationic species was 
increased because of the greatly increased surface area of the
electrode which maintained a concentration gradient of the
electroactive species at the electrode surface. The process was 
no longer diffusion controlled since the water was actually flowing 
through the electrode (a dynamic system).
Another factor that aided in the removal of heavy trace metals 
from water was adsorption of these species onto the electrode. The 
adsorbed species "inactivate" the electrode surface, thus limiting 
the electrolytic process. However, due to the very large surface 
area of the "stripping" electrode, this phenomenon aided in removal 
of heavy trace metals from the water.
Any species that may be determined polarographically, in 
principle, could be stripped off the water by the method proposed 
here. Among cations, the transition metals are most often 
determined polarographically and would be expected to plate out by 
this method. Typical ions that can be removed from water are 
Cu (II), Cu (I), T1 (I), Pb (II), Cd (II), Zn (II), Fe (II), Fe (III), 
Ni (II), Co (II), Bi (III), Sb (III), Sb (V), Sn (II), Sn (IV),
Eu (III), and several oxidation states of Mo, W, V, Mn, Cr, Ti, and 
Pt. Strongly hydrolyzed metals such as Al, Th and Zr present 
difficulties as well as the alkali and alkaline earth metals which 
are very soluble in water and therefore cannot be removed from
131
water by the method described here. The electrode system for 
the cleaning of water could be compared to an anodic stripping 
technique where the second step was omitted.
In anodic stripping, the metal (or metals) concerned can be 
reduced at a controlled potential and deposited at the cathode for 
a definite time under fixed conditions of geometry and stirring.
The plated metal can be then stripped off the electrode by making 
it the anode. The potential at which the metal was stripped off 
has been shown to be characteristic of the particular metal while 
the current generated was proportional to the amount of that metal 
that was present in the sample
Because this technique is very sensitive, it has been used for 
the analysis of environmental samples. A detection limit of
0.005 ppb Cd has been reported, therefore, it could be expected that 
the method proposed here would be equally efficient in removing Cd 
and other heavy metals from distilled deionized water.
Figure 39 shows the differential pulse and the direct anodic
—9stripping voltammograms of a solution containing 2 x 10 H Zn, Cu, 
Pb and Cd corresponding to 0.1 ppb, 0.1 ppb, 0.4 ppb and 0.2 ppb •) 
respectively. Cu release was inhibited by the formation of an 
amalgam with Zn.^^
An excellent review of polarographic related techniques for the 
analysis of trace metals in water has been published by Maienthal 
and Taylor.-*-^ The stripping electrode described here can also be 
analyzed in terms of electroplating techniques. The metal species 
present in solution were plated onto the electrode in much the same
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FIGURE 39: (A) Differential pulse anodic stripping 
voltammetry. PAR Model 174 polaro- 
graphic analyzer, Model 93^9 wax- 
impregnated graphite electrode (Hg- 
plated). 3 X 10 9M Zn, Cd, Pb, and Cu.
(B) Direct anodic stripping voltammetry. 
Solution and equipment as used to 
obtain voltammogram in (A).
Reference 146
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way as in electrogravimetric methods. Controlled potential
electrolysis using a mercury electrode has been used to remove
135
undesirable cations from electrolytes.
In electrogravimetry, a metal of interest may be plated onto 
an electrode at a given potential. Then the electrode can be 
weighed and the original concentration of the metal in solution 
can be determined. To determine what voltage must be applied to 
a cell to cause electrolysis, it was necessary to know what 
reactions take place. If the reactions taking place were known, the 
cell voltage could be calculated via the Nemst equation. When the 
reactions taking place are not known standards can be used in 
order to select the optimum voltage for maximum electrodeposition.
The voltage required to achieve maximum electrodeposition 
may be calculated using the following equation:
E applied = (Ea +7]^) - (Ec + % c )  - iR (4)
where Ea = reversible anode potential 
\ a  =  anodic overpotential 
Ec = reversible cathode potential 
^c = cathode overpotential
i = current through cell
R = resistance of cell 
What would be the voltage required for removal of Cd from the 
water at a concentration lower than the sensitivity of the 
"quartz T"? This would mean that the signal due to Cd would
essentially be below 1% absorption or non*detectable for practical
purposes. The sensitivity of the "quartz T" atomizer for Cd was about 
2 x 10-13g.
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The reversible potential for Cd at 25°C can be calculated by
using the appropriate Nernst equation:
Cd2+ + 2 S L ~  Cd° E0 = -0.403v
and Ec = -0.403 + 0.059 log[2 x 10~131 (5)
2 112.4 g/mole
Ec = -0.84 volts
The overpotential or overvoltage terms were due to two factors.
The concentration overpotential has been due to depletion of ions 
of the metal close to the electrode surface with respect to metal 
ions in the rest of the solution. Thus the equilibrium between 
oxidized and reduced species becomes disturbed. Extra voltage needs 
to be applied to compensate. Also, stirring of the solution helps.
The activation overpotential has been due to the inherent rates 
of the electrode reactions. It is a function of the electrode 
material and of the reaction under consideration. Both overpotentials 
are caused by polarization effects. An increase in the applied 
voltage may compensate for polarization effects and allow the
1 / Q
electroplating process to proceed to completion. The difference
between the measured potential and the reversible potential has been 
referred to as the overpotential. Another type of overpotential can
be due to gas evolution at the anode and it has been called gas
. , 144 overpotential.
In the case of the electrode under study, these polarization 
problems were not significant since water was constantly flowing 
through a system of a very large surface area.
The resistance of the distilled deionized water was large, about 
15 megaohms, but the current ranged from a few microamps to negligible,
135
making the iR drop that developed in the system when current passed
through the cell very small.
The voltage applied for the removal of Cd from the water using
this electrode system was experimentally determined to be about
-0.85 to -0.9 volts.
148Adams described a method for removal of As, Cd, Cr, Hg, Ni,
and Zn from industrial waters by using a system consisting of a
fluidized bed of conductive particles across which a low voltage DC
field was applied. A patent has been issued for an electroperistaltic 
149pump that utilized a train of electric pulses across succesively 
interconnected electrodes that formed longitudinal channels in a 
flow cell with polarities programmed so as to segregate different 
ion fractions of characteristic differences in ionic mobilities. 
Deionization of the electrolyte was claimed.
All of the analytical methods just described support the 
theoretical feasibility of an electrochemical method for water 
purification.
The purpose of this study was the development of a system that 
would remove trace metal species still present in water after 
distillation and deionization. This process is referred to as 
"polishing".
Based on the great sensitivity of anodic stripping techniques,
it was thought to be feasible to use a similar principle for the
removal of heavy trace metals present in the water. The method was
illustrated for Cd, Pb and Zn. Possible sources of contamination
were studied as well as experimental parameters for maximum removal 
e fficiency.
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II. EQUIPMENT:
A. Atomic Absorption Spectrometer:
The atomic absorption spectrometer used to determine water
purity was a single beam system composed of a demountable hollow
cathode lamp, chopper, focusing lenses, atomizer, grating
monochromator, photomultiplier detector, amplifier and readout
system. A schematic diagram of the light path of the instrument is
97shown in Figure 40. The "quartz T" carbon atomizer absorption 
cell system was the heart of the entire set up and is described in 
detail. The rest of the optical system was similar to the GC-AA 
set up described in Chapter I Part I.
B. Instrument Components:
1. Light sources: Barnes "Glomax" Demountable Hollow Cathode
Lamp System.
Demountable Hollow Cathode Lamp Designed in this Lab 
(PVC body) (See Figure 4 of Chapter I Section I).
Beckman Deuterium Lamp #96280.
2. Chopper: Jarrell-Ash mechanical, from AA unit Model 82-360.
3. Atomizer: "Quartz T" atomizer designed and built in this
lab.
4. Monochromator: Jarrell-Ash Model 82-500, 0.5 meter Ebert
Scanning Grating = 1180 lines^Wi. (0.2 A first order 
resolution). Slit width 25 yuitn.
5. Optics: Amersil Corporation Suprasil Grade Fused Silica
Lenses with 180.0 mm transmission cutoff.
6* Detector: Jarrell-Ash Model R 106 Photomultiplier.
0) (2) (3) (2) (4)
FIGURE 40
OPTICAL LIGHT PA*ffl OF THE SINGLE-BEAM
ABSORPTION SYSTEM
1) Source: Hollow Cathode Lamp
2) Focusing Lens
3) Atomizer
4) Grating Monochomator
5) Photomultiplier Tube (Detector)
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7. Detector Power Supply: Hewlett-Packard Harrison Model
6515-A. 0-1600V, 0-5mA.
8. Amplifier: PAR Model 126 lock-in with Model 184 
Photometric Preamplifier.
9. Recorder: Beckman Model 10005, 10" potentiometric 
strip-chart recorder.
10. Radiofrequency Generator: Lepel Model T-5-3-mc-j-b,
5000 watt, 3-10 MHz.
11. Cell Pump: Thomas Model 107C A 20-1.
12. Flowmeter: Matheson Model 7228, Series 620.
13. Potentiometer: Heliopot Corporation, Model T-10-A,
10 K Ohm, ten turn.
14. Lamp Vacuum Pump: Welch Duo-Seal, Model 1404.
15. Optical Rail
16. Spectroscopic Carbon Rods Obtained from Ultracarbon 
Corporation (12" long, 0.242" O.D.) Grade 7 Ultra F Purity 
Rods. (Electron microscope Grade).
17. Optical Pyrometer Leeds and Northrup Catalog #8632-C 
750-3500°C range.
C . Atomic Absorption System Operating Conditions:
1. Flow rate through atomizer: 100 cc/min.
2. Carbon bed temperature: 1450 to 1500°C.
3. Light Path Temperature: 1000°C.
4. Hollow Cathode Lamp: Ionizing gas - He, P ~ 3  torr
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Element Resonance Line(s) Current Applied High Voltage
on PM Tube
Cd 2288 A and 3261 A 35 mA 400-500 volts
Pb 2833 A 50 mA 400-500 volts
Zn 2139 A and 3076 A 50 mA 400-600 volts
D. "Quartz T" Carbon Atomizer:
Figure 41^^ illustrates the quartz "T" atomizer cell used in
these studies. The entire"T" was made out of the purest quartz 
available. The crossbar of the "T" was the optical path of the cell 
and was sealed at the ends by optical quartz windows. The vertical 
stem of the "T" was fused to the center of the optical path section 
at a 90° angle. Exhaust ports were also fused to the optical path 
section at 90° angles with both the optical path and the vertical 
stem of the "T". A special technique had been previously developed
to produce distortionless quartz windows sealed to the optical light
ISO
path tubing.
The dimensions of the entire cell were as follows:
1. Optical path: 13 mm OD, 10 mm ID, 360 mm long.
2. Vertical stem: 27 mm OD, 25 mm ID, 152 mm long.
3. Exhaust ports: 6 mm OD, 4 mm ID, 150 mm long.
4. Inner sleeve: 24 mm OD, 22 mm ID, 155 mm long, 19 mm OD
restriction at one end.
The optical path was wrapped with one layer of asbestos cord 
which was subsequently followed by nichrome wire and six other layers 
of asbestos cord and tape. This arrangement allowed resistance 
heating of the optical path to about 1000°C to prevent the atomized
-360mm
- 250m m -
Exhaust Ports
13mmLi oht Pqth
152 mm.
^Air Inlet
— *1 h—
27mm
FIGURE i+l: Dimensions of the Quartz "T" absorption cell. Reference 150.
141
sample from "plating" onto the interior walls of the light path.
The stem of the nT", where atomization took place by means of 
a radiofrequency heated carbon bed, is indicated in Figure 42.
An inner sleeve of quartz was placed inside the stem of the "T" to 
contain the carbon bed. This inner sleeve was restricted at one 
end where a perforated disk of spectroscopic grade carbon was 
located to support the carbon bed. The bed was easily changed 
while leaving the "T" in place by removing the inner sleeve 
and replacing the spent carbon. The bed was composed of 
spectroscopic carbon pieces which were heated to about 1500°C by 
radiofrequency induction. The sample was introduced, be it gaseous, 
liquid or solid, while the bed was kept at 1450°C to 1500°C. The 
sample was very rapidly vaporized, ashed and atomized before it 
entered the light path where absorption of free atoms took place.
Ambient air was continuously drawn into the stem of the "T", 
through the carbon bed, into the light path and out the exhaust 
ports. The following process took place:
C + o2 + N2 — K O  + n 2 
C02
At temperatures above 900°C, formation of CO was favored. 
Because this was a highly reducing atmosphere, the sample reached 
the light path in the atomic state while being drawn continuously 
into and out of the light path. When a metallic species was 
introduced into the system, the following reactions were possible:
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M X  > M° + X°
MX + C— ^M° + CpXq 
MX + CO“>M° + CXO
Each of these processes produced free atoms. The basic factors 
affecting atomization efficiency were the temperature of the bed, 
flow rate through the bed, carbon bed depth and carbon rod size. 
These factors were extensively studied by Wolcott.
The major advantage of this atomizer was that evaporation, 
ashing and atomization took place outside the light path in the 
carbon bed. By the time the sample reached the light path, it was 
atomized and ready to absorb the incident radiation emanating from 
a hollow cathode lamp. This arrangement eliminated losses of 
sample due to multistep treatment of samples as has been the case 
in commercial atomizers where the sample has been introduced onto 
a cold carbon tube. The arrangement just described significantly 
eliminated background interferences due to sample matrix because the 
sample was more efficiently decomposed than in the electrothermal 
designs on the market. Samples that have been analyzed by this 
method include air, blood and moon dust.^ ’^ ’^ ’^
There were several disadvantages of this atomizer. Since the 
temperature of the carbon bed could not exceed 1600°C without
vitrifying and melting the quartz, the number of elements that could 
be analyzed was limited to relatively volatile metals. Because the 
carbon bed was heated by radiofrequency induction, the equipment was 
expensive and required a FCC license. Another problem was the fact 
that the quartz and the carbon used sometimes contained substantial
144
levels of metals impurities thus causing contamination problems. 
This was especially important in the case of Zn. Part of this work 
dealt with contamination problems with this atomizer.
The atomizer was used throughout the water studies without any 
modifications.
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III. "STRIPPING" ELECTRODE DEVELOPMENT;
A. Selection of Electrode Material:
Carbon was chosen for the following reasons:
Carbon is an excellent conductor of electricity and 
conductivity was an essential property in this study.
Pure spectroscopic grade carbon was commercially available. 
Pure carbon was necessary to avoid contamination of the 
purified water.
Carbon can be easily cut, drilled and crushed. A carbon 
cup was desired.
Metals could not be used as the electrode because it has
been demonstrated that metal stills produce water of
17 19poorer quality than that prepared by other means. 5
It was hoped to find a carbon porous enough for water to 
flow through it. If the water went through the carbon, 
high contact between the two was to be expected. This 
would result in improved efficiency of removal of ionic 
species from solution.
The selection of associated components such as the leads to 
the power supply, the shape of the electrode and the counter 
electrode were done during the course of the experiment as the need 
for particular set-ups became evident.
B. "Stripping" Electrode Parts:
1. Spectroscopic carbon rods obtained from Ultracarbon 
corporation.
a. 12" long, 0.242" OD, Ultra F purity rods. Electron
Microscope Grade.
b. 12" long, 3/4" OD, UF 45 Purity Rods.
c. 12" long, 0.242" OD, Poco Graphite Rods.
d. Emission Spectroscopic Carbon tubes.
Whatman 41 Ashless 11.0 cm Filter Paper. 
Hewlett-Packard-Harrison 6515 A DC Power Supply 0-1600 V, 
0-5 mA.
Copper foil. ( E.H. Sargent and Co.)
Stainless Steel Needle. ( Microtek, Inc.)
Quartz Tubing; 0.5" OD, 0.4" ID. (General Electric)
Tygon Tubing, Assorted Sizes.
Keithley Instruments 150 A microvolt-ammeter. 1 to 1000
microamps to milli-microamps scale.
Leeds and Northrup Speedomax M Recorder: 10 cm; 3 pen
recorder.
Assorted alligator clip leads.
Miscellaneous:
a. Finnpipette 10, 1-5 ^1 adjustable with disposable 
tips.
b. Eppendorf Microliter pipette-5/ul-Brinkmann Instruments 
Inc. and disposable tips.
TM
c. Ion exchange system: Ion eYchanger-Research II 
Operating in the Duplex Mounting Fixture. Resistivity 
15 megaohms. Illinois Water Treatment Company.
Catalog #14005.
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C. PRELIMINARY ELECTRODE SYSTEM DESIGNS AND EXPERIMENTAL RESULTS:
1. Set-up I :
Figure 43 shows the first, very crude, set-up tested. It 
consisted of a 1/4" OD, 1 1/2" long carbon cup with a disposable 
pipet resting on the entrance of the cup. The disposable pipet was
connected with Tygon tubing to a reservoir. The carbon cup was
connected to the negative output of a DC power supply. The circuit 
was completed by means of a stainless steel needle inserted through 
the Tygon tubing and into the water stream.
A porous carbon cup was desired but could not be fabricated.
Even drilling a carbon tube down to about 1/32" from the end did not 
result in a flow of water through it. Commercial emission 
spectroscopy porous carbon cups were also tested for porosity under 
these conditions, but were not proven successful.
Finally, it was decided to cut a small hole at the bottom of 
the cup. This was done by using an emery board (hopefully with no 
metallic species) to file lightly the bottom of the electrode until 
a flow of water through it began. The cup was then packed with small 
pieces of spectroscopic carbon to increase the surface area of contact 
between the water and the negatively charged carbon.
The water used in this lab was previously distilled and then 
passed through an ion exchanger. The Cd concentration in this water 
was about 0.1 to 1 ppb. The absorption signal given by water with a 
clean bed in the atomizer cell was usually less than 5% absorption.
If any further cleaning of this water for Cd were achieved, the 
difference in signal would not be significant enough to yield accurate
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results, therefore, it was decided to use a solution slightly 
contaminated for Cd in order to see if the principle worked. It 
was assumed that if Cd can be removed from the water at the ppb 
level, other metals that were present at higher concentrations in 
water would be less difficult to remove.
Using a 5 ppb Cd solution as the feed, studies were performed 
which included changing the hole size of the electrode cup to 
achieve different flow rates, and changing the voltage to find 
the optimum operating conditions.
The procedure was very simple. Water was fed to the electrode 
using a reservior and a pipet directly on the electrode. The feed 
was supplied as fast as possible, but not so fast as to allow water 
to flow over the top of the electrode. This set-up was studied for 
over a period of three months.
The average flow rate was slow, usually about 1 drop/minute. 
Voltages were tried from 0.1 to 100 volts. Using a 5 ppb Cd 
solution an absolute removal of 94% was achieved with this crude 
device. All of the added Cd was removed plus a small amount of 
the Cd present in the water used to prepare the solution. Distilled 
deionized water gave a signal slightly higher than the Cd signal due 
to the effluent from the electrode. Figure 44 shows the trace of 
these signals. A voltage of 100 volts was used in this case. The 
output of this electrode was followed versus time over a period of 
80 hours. The absolute % of Cd removed was 86% on the average. 
Towards the end of the 80 hour period, the efficiency of removal 
decreased to about 70%. Figure 45 shows the plot of % total removal
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of Cd versus time.
During this study, the output was also analyzed for Zn using 
a "hollow T" carbon furnace atomizer and it was subsequently found 
that about 50% of the Zn originally present in the water was removed. 
This solution of 5 ppb Cd had no Zn added to it, therefore, it was 
considered to be distilled deionized water as far as Zn was concerned. 
Figure 46 shows the results obtained for Zn.
Zinc was not determined using the "quart T" due to large amounts 
of Zn present in the quartz and in the carbon. Hours to days were 
required to "burn off" the inherent Zn.
This system, as yet unrefined, showed that the principle worked. 
However, the signal due to Cd never disappeared indicating that 
either there was still some Cd not removed from the water or that 
the Cd signal was inherent to the system. These possibilities were 
fully investigated and are discussed in the following sections.
2. Set-up II;
In order to improve the efficiency of the electrode,
several attempts were made in order to obtain a porous carbon
electrode.
Several emission spectroscopy carbon cups were placed inside 
the carbon bed of the "quartz T" atomizer and heated by RF induction. 
It was hoped that some of the binding material that keeps the carbon 
powder shaped into a cup would burn off and leave a porous cup. When 
the electrode treated in this way was tested using the pipet set-up I,
no porosity was observed. It was easier for the water to spill out of
the top of the electrode than to go through the electrode. Set-up II
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as shown in Figure 47 was developed in order to avoid an open top 
electrode. This time, there was a direct connection between the 
reservoir and the cathode cup via a Tygon tubing connection.
Because the water had a head pressure from the reservoir, it was 
forced through the carbon and flow was achieved. However, 
there appeared to be two problems. One of the problems was due to 
the fact that the integrity of the cup deteriorated somewhat and 
carbon dust would drip along with the water. The other problem 
was that the entire electrode became porous and there was no 
practical way to make a dry connection to the power supply. The 
water that touched the alligator clips became contaminated.
When this set-up was tested with the untreated emission 
spectroscopy cups, it was found that these cups were completely 
porous.
Carbon from a different source was tested in order to see if 
it could be made porous at one end but impervious on the sides.
Carbon rods from the National Carbon Corporation (1/4" OD) about 
2" long were drilled into cups and the bottom of these cups were 
arced using an emission spectrograph arc source to induce localized 
vaporization of the carbon binder. Although it was difficult to 
control the action of the arcing on the carbon cup, the porosity 
sought was achieved. If the carbon were arced for too long, a 
hole was obtained, if arced for too short a time no porosity would 
be observed or an extremely slow flow rate would be obtained.
There were two problems with this set-up that were not encountered 
with set-up I. First, the electrode needed to be cleaned by passing 
large amounts of water through it prior to use. This was believed
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to be due to contamination caused by drilling. Second, since there 
was a closed system between the anode and the cathode, any hydrogen 
gas formed would cause bubbles that would break the circuit between 
the anode and the cathode. The hydrogen gas problem was eliminated 
by attaching a side arm to the system as indicated in Figure 47.
Any gas formed bubbled out of the system. This was not a problem 
when low voltages were used.
When contaminated, the electrode could be cleaned by making 
it the anode (+) while water was flowing through it. This was 
analogous to anodic stripping. Again, the electrode cups were 
packed with small carbon pieces (emission spectroscopy carbon) in 
order to increase the surface area of contact.
Figure 48 shows a typical run using 5 ppb Cd solution as the 
feed. The total percent removal of Cd was about 90%. All of the 
added Cd was removed plus some of the Cd present in the water used 
to prepare the solution. The signal due to distilled deionized 
water indicated a Cd concentration of about 0.8 ppb. The purified 
water contained about 0.6 ppb Cd. About 25% of the Cd present in 
the original water used was removed.
Figure 49 indicates typical results obtained when distilled 
deionized water was fed to this system. The water coming out of 
the electrode was about 25% lower in Cd than the feed.
This electrode system was studied with respect to time at 100 
volts to compare the results obtained with those obtained from a 
similar experiment using set-up I shown in Figure 45. The feed was 
5 ppb Cd and the output was monitored for 24 days. The results are
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shown in Figure 50. A maximum of 93% total removal of Cd was 
observed. Both set-ups were comparable. The only real advantage 
of set-up II over set-up I was the ability to clean the electrode 
by reversing the voltage to the system. This was not possible with 
set-up I .
3. Set-up III:
As indicated in Figure 48, there still seemed to be some 
unremoved Cd present in the water. The signal was due to Cd since 
a background check only gave 1 to 2% absorption signals.
One of the sources of contamination was thought to be the 
needle used as the anode. A yellow-orange film formed around the 
needle indicating that iron was leaching from the needle. If Cd 
were present as an impurity, the needle was a possible source of 
contamination.
Set-up III was designed to eliminate the needle anode which 
was replaced by a carbon tube anode as indicated in Figure 51.
As with previous set-ups, about 20 to 25% of the atomic 
absorption signal due to water was decreased after passing the 
water through the electrode. Unfortunately, this set-up had a 
very slow flow rate of about 1 drop/minute. A faster flow rate 
was needed to obtain a reasonable volume of purified water within 
a reasonable time period. This set-up was scaled up and modified 
giving rise to set-up IV.
4. Set-up IV:
Since several attempts failed to produce porous carbon 
cups that could be successfully connected to the circuit while
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producing reasonable outputs, perforated carbon cups were tested 
again. The surface area of contact was increased by packing the 
carbon cup with crushed clean carbon.
Figure 52 shows the actual size of the final electrode system 
used in all subsequent studies. The carbon cup was manufactured by 
drilling a 0.5" diameter, 1 7/8" to 1 15/16" hole in a carbon rod
0.75" in diameter and 2" long. Then, small pinholes were made at 
the bottom of the cup in order to allow water to flow through.
Since the contact time between the water and the cup was not 
sufficient under these conditions, it was necessary to slow down the 
flow by packing the cup with carbon pieces. This time, Ultracarbon 
Corp. 1/4" rods were placed in the atomizer and cleaned by heating 
with RF induction. The carbon pieces were crushed using a mortar 
and a pestle and then placed into the electrode cup. The finer 
carbon particles went right through the holes at the bottom of the 
cup, therefore, it was necessary to place a barrier at the bottom 
of the cup to stop the carbon flow. Ashless filter paper was soaked 
in a 10% HNO^ solution overnight. The filter paper disks were then 
rinsed and dried. This process was shown to decrease significantly 
the heavy metal concentration present in filter paper.^ One or 
two pieces of filter paper were placed at the bottom of the cup.
The clean carbon was then loosely packed on top of the filter paper 
to about 1/3" from the top of the cup. One or two pieces of filter 
paper covered the carbon powder to prevent floating of small carbon 
dust particles.
Pure copper strips were used to surround the electrode as
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indicated in Figure 52. Copper did not plate onto the electrode at 
the negative voltages used. The previous alligator clip leads used 
showed that plating from the leads onto the carbon had been taking 
place. This plating could have resulted in some migration of the 
plated metals into the inside of the carbon cup electrode which then 
increased the heavy metal burden of the water.
This set-up was used for various studies of the removal of Cd 
from solutions at the ppb range, and of Pb from solutions at the 
ppm range. Removal of Cd, Pb, and Zn from distilled-deionized water 
was also studied.
The possibility that some of the signals obtained were due to 
the carbon bed atomizer was fully investigated.
This electrode set-up was easily cleaned by reversing the volt­
age. All subsequent studies were done with three electrodes of this 
design.
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IV. EXPERIMENTAL PROCEDURE:
A. General Procedure to Eliminate Storage Problems:
The experimental procedure was as follows: The solution was
passed through the electrode cup at a previously set voltage. To 
avoid storage contamination during analysis, the effluent was 
sampled from the drop formed at the bottom of the cup prior to its 
fall into the receiving reservoir. In practice, the flow rate 
slowed down with time. However, the flow rate could be increased 
again by air drying or oven drying the electrode. The exact 
reason for this phenomenon was not known but thought to be due to 
a decrease in compactness of packing upon drying. A satisfactory 
flow rate was 1 to 2 ml/min.
At the end of each working day, the voltage applied to the cup 
was switched from negative to positive to allow leaching of the 
deposited metals into the water stream, thus generating a clean 
electrode for the next day.
5 jil samples were used for analysis by atomic absorption 
spectroscopy. Five to ten injections were made of each sample for 
statistical purposes in ail the studies that follow.
B. Procedure of Individual Studies:
1. Voltage Applied versus Current:
Since the resistance of the water was high, the current 
through the circuit was expected to be very small. The current 
through the circuit was monitored at different voltages by placing 
an electronic ammeter in series in the circuit. The ammeter 
employed had several ranges in the 10-^amp to 10-  ^amp region and 
0-3, 0-10 and 0-100 scales on each range.
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2. Selection of Lowest Optimum Voltage of Operation:
Voltages ranging from 0.1 v to 1000 v were
applied to the electrode. It was expected that the higher the
voltage applied, the faster the ions would be accelerated towards
the carbon cup and removed from solution. However, as expected,
a problem was encountered with hydrogen evolution, but this
problem was not as severe as text books would indicate. Once the
principle was demonstrated to be feasible, lower voltages were
systematically tried until the lowest voltage that gave maximum 
2+removal of Cd from solution was found. The water routinely used 
in this lab was distilled water, passed through a Research ion 
eXchanger from IWT Co. which was claimed to produce water with a 
conductivity of 0.067 x 10“  ^mhos/cm at 25°C. The Cd^+ 
concentration in this water was about 1 ppb. This water usually 
gave rise to an absorption signal between 5 and 10%.
To generate an easily observable absorption signal, a 2 ppb 
Cd solution was used as the electrode feed. The voltage was 
increased from -0.1 volts until maximum removal of Cd^+ was observed.
3. Efficiency of Removal of Cd with Respect to Original 
Concentration Present in Solution:
Several solutions were tested in order to see if the 
2+removal of Cd was dependent upon the original concentration of Cd 
present in solution. Distilled deionized water as well as 2, 3, 
and 15 ppb Cd solutions were tested.
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4. Studies Indicating Total Removal of Detectable Inorganic
Cd and Pb from Solution:
a. Reproducibility: If water of similar quality were 
produced under several different conditions with different 
electrodes at different times, it could be due to the fact that 
all removable Cd was removed in each case.
Solutions containing 3 ppb Cd were passed through the electrode 
at a voltage of -0.9 volts. In one case, the current was about
0.4 /ua (0-10 /ua scale) with a flow of 1 drop/25 seconds. In 
another case, the current was nearly negligible (0-30 jua scale) 
with a flow of 1 drop/40 seconds.
b. Recycling Studies: If all detectable inorganic Cd
and Pb were removed in one step, then further passing of the 
solution through the electrode should not produce water of better 
quality. In this study, previously distilled and deionized water 
was used as the feed. Cd and Pb were both monitored by switching 
hollow cathode elements in the demountable hollow cathode lamp.
One problem that arose was contamination during storage and
retransfer of the water to be recycled to the electrode system,
16Thiers reported that polyethylene seemed to be the best medium 
to store solutions without large amounts of contamination.
Therefore, polyethylene was used as the storing reservoir.
Whenever the water was analyzed by AA, the sample was taken 
from the drop formed at the electrode bottom prior to falling into 
the collecting reservoir. Eppendorf and Finnpipette microliter 
pippettes were used to collect and introduce the sample into the
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AA system.
5. Studies of Possible Sources of Unremoved Cd and Pb:
a. Complexed Metals: It was not expected that 
complexed Cd or Pb would be stripped from the water by this 
electrode system. To test this belief, a solution containing 
4.45 x 10~® M Cd (5 ppb), 1.45 x 10”  ^M Pb (0.3 ppm) and
2.5 x 10"4 M EDTA ( an excess) was prepared and passed through 
the electrode at a voltage of -0.9 volts.
b. KMnO^ Treatment of Water: KMnO^ is widely known as a
strong oxidizing agent and should decompose organic Cd compounds 
that could be present in the water.
Distilled deionized water was treated with a trace of acid, 
KMnO^^and then heated. The water was then distilled, collected 
and passed through the electrode system at about -0.9 volts in 
order to see if any further removal of Cd can be achieved.
6. Possible Sources of the Signals Obtained for Cd and Pb
After Polishing of the Water by this Method:
During the three years that were spent on this project, 
the "quartz T" AA system was used for the determination of Cd and 
Pb in aqueous samples. There was a strong suspicion that some of 
the atomic signal observed for water was due not to Cd or Pb 
present in the water but to Cd and Pb present in the carbon used 
for atomization of the sample.
Several experiments were performed to verify this observation.
a. Aging of the Carbon Bed Atomizer: If Cd and Pb were
leaching from the carbon bed, as the bed "aged" after many injections, 
the heavy metal burden of the carbon bed should decrease and so
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should the size of the signals obtained.
This possibility was studied by analyzing distilled deionized 
water samples using the same carbon bed for a period of time.
Standards were analyzed also so as to ensure that any decrease in 
signal for the same water with time was not due to a decrease in 
sensitivity of the AA system.
b. Carbon Memory Effect: The carbon memory effect was
previously studied by Wolcott^"*^ for this system and his observations
seemed to support the carbon bed contribution to the atomic signals
obtained.
c. Studies with Zn: It was difficult to clean the carbon
bed in the AA system for Zn. The carbon bed was heated at 1475-1500°C 
for hours, sometimes daysjbefore some decrease in the bed absorption 
was observed. Because of this high contamination of the bed with Zn, 
it was difficult to determine Zn concentration in water using this 
system.
When the AA system indicated 60^ T, scale expansion was employed, 
and Zn removal from water was determined by analyzing water passed 
through the electrode system at a voltage of about -2.0v and a flow 
rate of 1 drop/10 seconds.
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V. RESULTS AND DISCUSSION USING SET-UP IV:
A. Voltage Applied versus Current:
Figure 53 shows a plot of current versus voltage for this
_ o
system. The ammeter employed had several ranges in the 10 to
10“6 amp region and 0 - 3 ,  0 - 1 0  and 0 - 100 scales on each 
range. All of these settings had different internal resistances 
in the meter, therefore measurements of current at the same 
voltage on the 0 - 3  setting did not give the same current reading 
as the 0 - 1 0  setting under the same conditions. By trying to 
measure the current, the current through the circuit was changed.
The current through the system did not seem to affect metal 
removal as long as the voltage was maintained. An example of this 
effect is shown in Figure 54 where the same results were obtained 
with two different currents through the system.
B. Selection of Optimum Voltage of Operation:
Low voltages of operation were desired because less power would 
be needed, the system would be safer and evolution of hydrogen would 
be eliminated.
Figure 55A shows the results obtained when -0.5 volts were 
applied to the electrode. No removal of Cd was observed. Figure 55B 
shows that when a voltage of -0.7 volts was applied to the electrode, 
some Cd removal was observed but still not as significant as desired.
Figure 55C shows that at an applied voltage of -0.9 volts, the 
water effluent contained about 0.6 ppb Cd as determined by the AA 
system used, while distilled deionized water was about 0.8 ppb Cd. 
Since the electrode feed was a 2 ppb Cd solution, all of the added
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the reproducibility of the results obtained.
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FIGURE 55: Selec tion of minimum voltage of operation for successful removal of Cd.
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Cd to the distilled deionized water used was removed plus about
25% of the Cd already present in the distilled deionized water.
This experimentally determined operational voltage agreed well
with the calculated voltage obtained using the Nernst equation and
2+with polarographic data on Cd
Cd2+ + 2e~-~——> Cd° E° = -0.403v (6)
Ec = E° + 0.059 log [Cd2+] 
n
If the maximum nondectable concentration using the "quartz T"
instrument was about 2 x lO-"*-^  g or about 1.8 x 10-15 m , then
Ec = -0.403v + 0.059 log [1.8 x 10”15 m ] 
n
Ec = -0.84 volts
where Ec is the voltage necessary to plate Cd2+ at a concentration 
of 2 x 10“15 M.
Removal of inorganic Cd from solution at voltages higher than 
-0.85 volts was possible because of a very high surface of contact 
between the electrode and the flowing solution. This arrangement 
reduced significantly overpotential problems. The data shown in Figure 
55d indicated that there was unremoved Cd. This signal could be due to 
complexed Cd in solution or Cd coming off the carbon bed in the atomi­
zer. These possibilities are discussed in the following sections.
C . Efficiency of Removal of Cd versus Original Concentration 
Present in Solution:
| |
At low concentrations the removal of Cd from solution seemed 
to be independent of the original Cd concentration present indicating 
a reasonable operating capacity.
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Figures 56 and 57 indicate the results obtained when several 
solutions containing different Cd concentrations were passed 
through the proposed electrode system at a voltage of -0.9 volts. 
Figure 56a  shows that when distilled deionized water was fed to 
the stripping electrode under the conditions indicated, the output
was about 25% lower in Cd than the original water.
Figure 56D indicates that all added Cd was removed from a 
2 ppb Cd solution fed to the electrode. Similarly, all other 
solutions tested, up to 15 ppb Cd (as indicated in Figures 56 and 
57) gave a product containing about 0.6 ppb Cd.
These studies indicate that regardless of the amount of Cd 
added to the water the final product always contained 0.6 ppb Cd.
A very small quantity of Cd remained in solution in all cases. It 
was important to determine the source of the unremoved Cd.
D. Evidence of Removal of All Detectable Inorganic Cd and Pb 
Present in Solution:
1. Reproducibility:
As previously stated, reproducibility can be considered 
to be a good indication of efficiency of removal.
Figure 54 shows the results obtained on two different days for 
two solutions of 3 ppb Cd prepared at different times. In case A 
The solution was passed through the electrode at a voltage of -0.9 
volts, a current of about 0.4 p a  and a flow rate of 1 drop/25 sec. 
The output obtained was 0.5 ppb Cd. In case B the voltage was 
also -0.9 volts, but the current was nearly negligible and the flow
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rate much slower, about 1 drop/40 sec. The output in this case 
was also about 0.5 ppb Cd. These results can be compared to those
shown in Figure 56C. Experimental errors were + 5 to 10%.
2. Recycling Studies:
Recycling the test solution was performed to determine 
whether repeating the cleaning process could improve water quality. 
If all detectable inorganic Cd and Pb were removed in one step, 
then further passing of the solution through the electrode should
not produce water of better quality.
Precautions were taken to avoid contamination by using 
polyethylene containers and collecting the sample for testing by 
AA as it emerged from the electrode. However, regardless of the 
cleaning achieved, the water seemed to recontaminate upon storage 
or while open to the atmosphere during collection. Transfer could 
account for some of the contamination. Total removal of Cd or Pb 
was always compared to the original water used as the feed. Table X 
shows the % Cd and % Pb removed from distilled deionized water. 
Regardless of how many times the water was passed through the 
electrode, the quality of the water was not further improved.
This study indicated that the electrode was efficient in its 
first cycle in removing all detectable inorganic Cd and Pb present 
in the water simultaneously. The results were reproducible.
An important observation was that within an hour, the water 
collected was recontaminated with both Pb and Cd. This problem was 
studied in detail and is discussed in Part III of this chapter.
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TABLE X 
RECYCLING STUDY
Recycle
0
1
2
3
k
0
in Cd Removed
from dist.- 
deion. water
27
27
28 
28 
31 
28
Recycle
0
1
2
3
in Pb Removed
from dist.- 
deion. water
38
35
33
38
Percentages of total Cd and total Pb removed from distilled- 
deionized water after consecutive passings of the test solution 
through the stripping electrode.
V = -0.85 to -0.9 volts I = 0 yua (0-30 range) Flow = ldrop/25sec
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E- Possible Identity of the Remaining Atomic Signal:
1. Behavior of a Solution Where All Cd and Pb Were Complexed
With An Excess of EDTA:
The possibility of Cd and Pb being present as complexes in 
the distilled-deionized water could not be discarded. Figure 58 
indicates the results obtained when a solution containing Cd and 
Pb in complexed forms was analyzed. This solution contained 5 ppb 
Cd and 0.3 ppm Pb along with an excess of EDTA. No removal of 
either metal was observed after passing this solution through the 
electrode system. Therefore, it was possible that some of the 
unremoved Cd was present in the water as a complex. The fact that 
complexed and uncomplexed metals can be separated by this method 
allowed the development of a method for the determination of stability 
constants of metal complexes and kinetic studies of complexation 
reactions. These are discussed in Part II of this chapter.
2. KMnO^ Treatment of Water:
Distilled deionized water that was treated with KMnO^, 
acidified and redistilled prior to passing through the electrode 
system showed no further removal of Cd from the water as previously 
observed with untreated water. This indicated that there were no 
detectable organocadmium compounds present in distilled deionized 
water and that the residual Cd signal originated from another 
source. A typical result is shown in Figure 59.
F . Possible Sources of the Signals Obtained for Cd and Pb After
Polishing of the Water by this Method:
It is strongly believed that heating the carbon bed of the
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FIGURE 58: No removal of either Cd or Pb by the electrode 
system is observed when either of these metals 
are present as complexes. V = -0.9 volts.
182
2C
% A
10
2  PPB Cd STANDARD
»■ I
ELECTRODE 
EFFLUENT
D I S T .  DEION. 
WATER
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untreated water. V = -0.9 volts.
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atomizer from 1450°C to 1475°C and waiting until the recorded 
signal returned to 100% T only eliminated surface Cd and Pb on the 
carbon rods in the AA system. When a liquid sample was introduced 
into the system, it quickly expanded from 5 /ul at 25°C to a volume
of about 35cc at 1475°C. (5 Ail of water at 25°C would occupy a
volume of 6.2 cc if it were a gas at 25°C) This quick expansion was 
strong enough to dislodge carbon dust from the surface of the rods 
and to expose fresh surface that may contain trace metals. In 
summary, heating the carbon bed up to 1475°C only removed surface
contamination of the carbon rods. Everytime a sample was injected
into the atomizer, a signal was produced whether or not Cd and Pb 
were present originally in the sample. This became less noticeable 
as the bed "aged". Several pieces of evidence are given in order 
to demonstrate that these Cd and Pb signals were not due to the water 
but to the AA system itself.
1. Aging of the Carbon Bed Atomizer:
As the carbon bed aged, the signal due to water decreased 
considerably whereas standards decreased only slightly. Some 
overall decrease in sensitivity was expected because as the bed 
aged, it became laden with dust and dust could not be heated as 
efficiently by RF induction. This would cause a decrease in 
atomization efficiency.
Figure 60 shows some of the typical results obtained. As 
the carbon bed in the atomizer became spent, the signal due to 
distilled deionized water decreased significantly. After 15 
minutes of continuous heating, the water signal obtained was about 
22% absorption. After about 30 minutes of continuous operation,
184
7 0
6 0
5 0
4 0
%A
3 0
20
10
15  PPB Cd I 5 P P B  Cd
A  T = l 5 m i n .
DIST- DEION. 
WATER
A  T = 3 0  min.
DIST. DEION. 
W A T E R
A  T= 6 0  min.
DIST.
DEION.
WATER
ELECTRODE
EFFLUENT
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the same water gave a signal of about 10% absorption, a decrease of 
about 40%. After about 60 minutes of continuous operation, the 
water signal was about 5% absorption units or an absolute decrease 
of 80% in the water signal was observed while using the same water 
through the experiment. A standard solution was also tested in 
order to see if the decrease in the signal due to water was due to 
a decrease in sensitivity in the system that could be the result of 
an "old" bed. However, from 30 minutes of operation to 60 minutes 
of operation, the signal given by the standard sample was observed 
to decrease by an absolute value of about 6% which by no means could 
account for the very significant decrease in the signal due to 
distilled deionized water.
In another study, distilled deionized water was monitored 
throughout the day using the same carbon bed. The water signal was 
measured until most of the bed had become dust. Figure 61 indicates 
that as the bed desintegrated after 3 hours of continuous operation, 
the background and the atomic signal were both high and not reproducible 
probably due to carbon dust flying into the light path upon sample 
injection. After 1 hour of operation, the atomic Cd signal due to 
water was higher than its atomic signal. After 3 hours of operation, 
the atomic and background signals are not very different. This may 
indicate that some Cd was coming off the bed after 1 hour but not 
so much after 3 hours. A large amount of carbon dust was observed 
at the bottom of the light path confirming that carbon dust 
contributed to the signals observed.
A similar study was performed monitoring the Pb signal. A
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FIGURE 61: Effect of aging of the carbon bed on the Cd signal due 
to water injections. After i hour of operation, there 
is some atomic Cd recorded. After J hours of operation, 
both background and atomic signals are nearly the same 
and they are due to carbon dust particles in the lignt 
path.
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0.25 ppm Pb solution was fed to the electrode system at -'0.9 volts. 
The feed, effluent and distilled-deionized water were analyzed 
using a relatively clean bed in the AA system. All of the added 
inorganic Pb was removed along with some of the Pb originally 
present in the distilled deionized water as indicated on Figure 62A 
The nonresonance background absorption signals showed that these 
signals in the resonance line were indeed due to Pb. The next day, 
using the same solution and the same experimental conditions 
except that a very old carbon bed was to used in the AA system, the 
results shown in Figure 62B were obtained. Both atomic and 
background signals for the distilled deionized water and electrode 
output were nearly the same indicating that with a very old carbon 
bed as the atomizer, the signal obtained was all background and not 
Pb. This background was probably due to carbon dust.
2. Carbon Memory Effect:
Wolcott'*'^ extensively studied the "quartz T" atomizer 
used in these studies to optimize operational parameters. Figure 63 
shows some of his observations. He noted that when a new bed was 
introduced into the system, the surface Cd was removed by heating 
the bed (Peak A) and the Cd absorption signal eventually returned 
to baseline. As water was injected, a series of decreasing peaks 
was obtained (B) until a leveling off was observed (C). He 
speculated that this was due to small amounts of Cd bleeding off the 
carbon rods or to some coldspot in the absorption cell. Whenever 
injection of water took place, the rods were "steam cleaned" and 
additional Cd removal was observed. The same effect was observed
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when the bed was overloaded with Cd by a large injection of Cd 
into the system as indicated by D, E, and F, He called this a 
"memory effect". His observations agree quite well with the 
studies presented here.
3. Studies with Zn:
After hours, sometimes days of continuous heating a 
carbon bed at 1475°C to 1500°C, the percent transmission was only 
about 60% at best. This indicated severe contamination of the 
carbon, and possibly of the quartz with Zn. Analysis was possible 
by scale expansion.
About 50% of Zn the signal due to water was decreased after 
passing the water through the electrode system at a voltage of 
about - 2 volts and a flow of 1 drop/10 sec.
Figure 64 shows the results obtained for Zn. The water fed 
to the electrode had an absorbance of about 0.77 while the 
electrode effluent had an absorbance of about 0.398. These results 
agreed fairly well with those obtained previously with set-up I 
and shown in Figure k-6 where about 50% removal of Zn from water was 
also achieved. This electrode allowed the determination of Zn 
in low concentration samples by lowering somewhat the water blank 
and allowing the preparation of Zn standards with it. This study 
was done with the most sensitive resonance Zn line of 2139 A.
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VI. CONCLUSIONS :
The stripping electrode developed was found to be a very 
simple and economical method for the preparation of water free of 
detectable inorganic heavy metal species. Water was obtained that 
was of superior quality than that obtained from distillation 
and deionization processes for Cd and Pb.
In principle, any platable ion could be stripped from the 
water by the method described here. This method could not remove 
alkali and alkaline earth metals which are soluble in their 
reduced state.
The system was cheap and of essentially infinite lifetime 
since simple voltage reversal decontaminated the electrode. Up to 
25 days of continuous operation were possible without sacrificing 
water quality for solutions containing metals in the ppb and low 
ppm range.
All inorganic heavy metals tested were removable at suitable 
voltages to levels below the detection limit of the atomic absorption 
unit used. The ability to completely assess the purity of the water 
produced was hindered by the blank signals from the atomizer itself.
It should be noted that no studies were reported on the storage 
of pure water. This was a separate problem in itself, still 
essentially unsolved at these concentration levels.
The potentials of this system for speciation purposes were 
thoroughly investigated and are discussed in Part II of this chapter.
PART II
DETERMINATION OF COMPLEXED AND IONIC METAL SPECIES 
IN AQUEOUS SOLUTIONS. DETERMINATION OF STABILITY 
CONSTANTS AT LOW CONCENTRATIONS AND KINETIC STUDIES OF 
COMPLEX FORMATION USING ACCELERATED ELECTRODEPOSITION
I. INTRODUCTION:
Speciation has become one of the most important areas of 
concern for today’s analysts. As indicated in Chapter I, the need 
for determination of trace metals present in the environment is no 
longer limited to total amounts present. Elemental analysis cannot 
provide sufficient information to allow a true assessment of the 
toxic properties of a particular pollutant.
Metal complexes can be more readily assimilated by living 
systems than the inorganic forms. It is of little use to provide 
elemental Fe or Fe20g in a diet. These inorganic forms of Fe are 
very poorly absorbed by the digestive system. However, Fe citrate 
can be absorbed readily by the gastrointestinal tract. Conventional 
atomic absorption spectroscopy has been the most widely used technique 
for the determination of trace metals from a variety of sources. 
Speciation can be accomplished only if some sort of separation 
technique precedes the analysis by AA or by colorimetry.
While studying the stripping electrode described in Part I, 
it was discovered that any complexed form of the metal studied was 
not removed from the water but travelled through the electrode.
This observation led to the development of a new method of analysis 
of aqueous samples for inorganic and organic or complexed metal 
determinations.
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The method proposed involved the use of the stripping electrode 
to add a simple speciation capability to atomic absorption techniques. 
The method consisted of two steps. The sample was first analyzed by 
atomic absorption methods to determine the total concentration of 
the metal of interest. Then a portion of the sample was passed 
through the electrode system at an experimentally selected voltage.
The sample was collected as it emerged from the electrode and 
analyzed again by AA. The first analysis gave total metal 
concentration, the second the complexed metal concentration.
The speciation capability of the electrode system was applied 
to the determination of stability constants at very low concentrations, 
to observe exchange reactions between different metals competing 
for the same ligand, to observe complexation versus mole ratios of 
the species involved, to study the rate of formation of some EDTA 
complexes and to follow the interactions of samples with the 
containers in which they were stored.
The increasing use of chelating agents in analytical chemistry 
has created a demand for reliable values of equilibrium constants.
The stability constants of many enzymes involving metal centers are 
of biological importance and due to the low concentrations of these 
species in biological systems, very sensitives techniques are needed 
for their determinations.
In reviewing the literature regarding the determination of 
stability constants of metal complexes, the most striking fact was 
that their determination has been no trivial matter. The mathematical 
and graphical methods which have been often employed utilize concepts
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and parameters unfamiliar to analytical chemists. Not only the
determination of stability constants has been difficult but also
the numbers obtained depend upon the experimental conditions.21,151
These facts led Ringbom to write an article titled "The Analyst and
15?the Inconstant Constants".
Values for stability constants were first reported at the 
beginning of the 20th century by Bodlanger^"^ who first recognized 
the need for using a constant ionic medium, von Euler later studied 
a variety of complexes extensively.154,155,156
Stability constants have been of extreme importance because 
they enable the analyst to determine the concentration of the 
different species in solution and permit the prediction of conditions 
required for maximum formation of a given complex. The analyst is 
very interested in concentration or activities of the species 
present in solution in order to predict optical and kinetic 
properties, as well as partition equilibria and biochemical 
behavior.22,23
Of extreme importance may be the ability to obtain the free 
energy change of a reaction from the equilibrium constant by the 
following expression
-RTlnK = AH - T A S  ( j )
The introduction of chelons, a generic term for a class of
reagents such as carboxylic acids, polyamines and related compounds
that usually form stable 1:1 complexes with metal ions such as EDTA,
has virtually revolutionized the analytical approach to metal ions. 
158Schwarzenbach developed the determination of Cd and Mg using EDTA.
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This determination has become the adopted procedure for the
determination of water hardness. EDTA titrations are currently
used for the determination of more than 50 elements and many books
159,160
have been published dealing solely with EDTA complexes.
Chelating agents form acid, basic and binuclear complexes in
addition to normal chelates. If an analytical chemist wanted to
select the optimal conditions and to estimate the attainable
accuracy of an analysis, the constants of all species in solution
21
must be taken into consideration. Ringbom stated that for an 
aqueous system where M is the metal ion and L is the ligand, all of 
the following species are possible: ML, MHL, MH2L, MOHL, M(0H)2L,
m 2l , m 2h l , m 2h 2l , m 2o h l , M2(o h )2l , m l 2 , m h l 2, m h 2l 2, m o h l2, m (o h )2l 2 .
There are 15 possible species even though all complexes containing
more than two of these components and species other than hydrogen or
hydroxide ions were disregarded. The acidity constants of the I^L
species must also be taken into account.
The structure of EDTA complexes varies somewhat with the nature
of the metal atom. The structure of many of these complexes in
solution has not been quite clear. NMR studies of Ni-EDTA complexes
have shown that at low pH, the Ni complex in solution exists as Ni
(H20)H EDTA- having one of the carboxylate groups protonated. At
pH's higher than 6, 75% of the EDTA in the Ni complex was hexa-
coordinate and 25% pentacoordinate with one less carboxylate group
bounded. Studies of absorption and formation constants corroborated 
161,162,163
this ratio.
The analytical chemist has not been interested in knowing exactly 
the true concentration of every species present in solution,
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but in the degree of completeness of the main reaction. Ringbolt 
introduced the term "conditional constant" to stress the fact that 
this constant was not a constant but depended on experimental 
conditions.
The thermodynamic stability constant for a normal mononuclear 
complex has been defined as follows:
V--MI (8)
[M][Y]
M 2+ +  Y 4 "-— ^ MY2- 
The charges were omitted for simplicity. the stability
constant. [MY] is the actual concentration of the complex of 
interest. [M] and [Y] are the concentration of free metal and 
ligand present in solution. Side reactions were ignored.
At different pH different forms of the complex may be present.
2H+ pH 4 to 5 (10)
H+ pH 7 to 9 t11)
pH 9 (12)
Reaction (10) could be expected to be slow as written since
o
may be unreactive mechanistically. Also at low pH, the metal-
EDTA complexes may also exist as MHY- or ^MY."^3 These species have
been shown to have different stability constants, therefore, if
stability constant measurements were made at low pH, lower values
than those predicted at pH 9 and above could be expected.
The values reported in the literature are often misleading
because these values did not always take into account the fact 
4-that Y could react with protons in solution and that the metal 
ions could be involved with other ions in solution and therefore, 
not always readily available to form the EDTA complex.
m 2 + + H2 Y 2_* - —7 MY2 -
m 2+ 4* HY3 V MY2 "
m 2 + + Y4 " MY2 ""
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A list of a few formation constants of EDTA complexes at 20°C
•j £ r
and at ionic strength of 0.1 is given in Table XI.
Ringbom's "conditional constant" K'^,Y , has been defined by
the following expression : ^ 4
K'm ,y ,. [MY]  (13)
~ [M’][Y']
[M*] denotes the concentration of free ion M^+ as well as all
the concentration in solution of the metal that has not reacted
with EDTA but that may be involved in side reactions.
[Yf] denotes the concentration of all forms of EDTA that are
not coordinated to the metal of interest.
1 60
Schwarzenbach introduced the q , coefficients which are measures
of the extent of side reactions:
<*y _ [ Y M , « _ [(MY)*] (14)
[M] “ T Y T  ~ [MY]
a M gives the ratio of total metal in solution not involved
with EDTA to the amount of free ions available for EDTA complex
formation. a Y  is the ratio of all forms of EDTA to the actual
free Y4- in solution. This expression is extremely dependent on pH.
ay = [Y'] - [Y*-] + [HY3-] + [H?Y2-] + [H Y~] + [H^Y] (15)
[y 4-]
[y4-]
OL (MY)? denotes the ratio of the sum of [MY] and the concentrations 
of the acid or basic (1:1) complexes to the [MY] formed. This term 
is also pH dependent. Thus the conditional constant can be obtained 
from the following expression:
K ’m v , [MY] (16)
[M *][Y ' ]
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TABLE XI
FORMATION CONSTANTS OF EDTA COMPLEXES
Metal Ion L°g ^ Metal Ion
Fe+3 25.1 a i +3
Th"^ 23.2 La"*"?
H g ^ 21.8 Fe"*"2
Ti+3 21.3 Mn"*2
Cu"*2 18.8 +2 Ca *
Ni"*^ 18.6 Mg"*2
+2Pb 18.0 Sr"*2
+2TiO 17.3 Ba"*2
Zn"*2 16.5 Ag+
Cd"*2 16.5
+
Na
Co"*2 16.3
L°g * v n
16.1 
15. k
ik.3 
i k . o  
10.7
8.7 
8.6 
7-8 
7-3
1.7
Formation constants of EDTA complexes at 20°C, ionic strength 0.1. 
Taken from reference 165•
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The conditional constants may provide information regarding 
the relationship between quantities of interest to the analyst such 
as the concentration of product formed [MY], the total concentration 
of uncomplexed metal [M *] and the total concentration of uncomplexed 
reagent [Y’]. This was the type of information given by the 
stripping electrode system.
The constants defined above are very dependent on the 
concentration of other species present in solution. The stability 
constant at any given experimental conditions is the constant 
that have the most significant meaning in terms of analytical and 
biological importance. For instance, it does not matter what the 
stability constant reported in the literature is for the Fe - 
cyanide complex. What matters is the actual completness of the 
reaction at biological pH, biological concentrations and in the 
presence of other species in solution.
To convert from the conditional constant to stability constant, 
a knowledge of the side reactions is needed. Then,
K = K' /v /v 23. (17)
kMY k  MY %
% Y
Because of protonation and complexing side reactions that 
interfere with the formation of the complex of interest, the 
conditional formation constants have been usually smaller than the 
literature values. There is a strong pH dependence, especially for 
unbuffered solutions.
Table XII^^ shows the effect of pH on for EDTA and other
carboxylic acids. The various competitive equilibrium solutions were
166
summarized by Reilley and others as follows:
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TABLE XII
Logarithmic values of a - .166
i \ H )
£H EDTA
0 21. k
1 1 7 .  b
2 13.7
3 10.8
1+ 8.6
5 6.6
6 k . 8
7 3 . b
8 2.3
9 1.1+
10 0.5
11 0.1
12
Used Constants:
Log cf the ratio of all forms of 
EDTA to the actual free Y 4 
present in solution as a function 
of pH.
Log Ki 10.■ 31+
Log k 2 6..21+
Log k 3 2..75
Log 2.■ 0 7
20
\ \EDTA-
VH E D T A-
L»\O
pH
An illustration of the 
dependence of log OC on 
pH for NTA, HEDTA, EDTA 
CyDTA and DTPA.
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It can be deduced that for complete conversion of the conditional
constant to the stability constant, assessment of all side reactions
is needed. Figure 65 shows the conditional stability constants of
1 f\t±various metal - EDTA complexes as a function of pH. H These curves 
represent only maximum values of conditional constants and they are 
obtained only if no side reactions except those affected by H+ and 0H“ 
occur. For example, the value of the log stability constant for the 
Hg - EDTA complex is about 21.8. However, the log of the conditional 
stability constant never exceeds 12. Even when applying the pH 
correction for the degree of dissociation of Y at a given pH, say
5.5 (log °*y = 6) the log of the stability constant obtained is less 
than 18. There are many other examples of this type.^^ This 
happens because it may not always be possible to produce a solution 
where all of the EDTA is present as Y^- . Table XIII gives the 
values of log K for several protonated forms of some metal-EDTA 
complexes.
The stability constants have been shown to be strongly dependent 
upon ionic strength and are usually reported at a constant ionic 
strength of 0.1. Table XIV shows some of the values with respect
203
Cd
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FIGURE 65: Conditional stability constants,
^M'Y^MY)', of various metal 
EDTA complexes as functions of pH. 
Reference 16k-
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TABLE XIII
LOGARITHMIC CONSTANTS OF SELECTED METAL:EDTA COMPLEXES1^
ION
k m h l fML
+
Ag 6 .0 7-3
Al+5 2.5 16 .1
Ba"*2 4.6 7-8
Bi+5 • 22.8
+ P
Be • 9-3
Ca"*2 3.1 1 0 .7
Ce+5 - 16.0
Cd*2 2.9 16 .5
Co*2 3-1 1 6 .5
Co+5 1.3 35
Cr+3 2.3 23
Cu+2 3.0 1 8 .8
Fe 2^ 2 .8 1 4 .3
1.4 25.1
Ga+5 1.7 20.5
Hg*2 3-1 21.8
In+5 - 25.0
La+5 - 15.4
+
Li - 2.8
Mg"*2 3-9 8 .7
Mn"*2 3-1 14.0
+
Na - 1.7
+2 Ni * 3-2 18.6
+2
Pb 2.8 18.0
Ra"*2 7.4
S c + 3 - 23.1
S r ^ 3-9 8.6
-fit
Th - 23 .2
V * - 1 2 .7
+2Zn 3 .0 16.5
Stability constants of protonated species are observed to be 
different from the stability constants of the normal complexes.
TABLE XIV
LO G A R ITH M ETIC  VALUES OF ^ M ( L )  FOR VARIOUS METALS AND EDTA1 6 ^
pH
METAL AND _____________________________________________________________________________________________________
LIGAND CONCENTRATION u 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Ca
EDTA
C d EDTA
P b EDTA
0.1 0.5 0.1 l.l 3-2 4.7 6.1
0.01 0.1 0.4 2.1 3-9 5-3
0.1 0.5 0.3 2.7 4.8 6.8
ir\ •
or—1COOCO 11.9
0.01 0.1 1.8 4.0 5-9 7-9 9-7 n.i
0.1 0.5 1.4 4.2 6.3 8.2 10.2 12.0 12.4
0.01 0.1 0.6 3-3 5-5 7.4 9.4 11.2 12.6
"If the needed constants have been determined at widely varying ionic strengths or at different 
temperature, difficulties arise in the calculations because a series of values may be based on 
several constants (acidity constants of the metal aquo ion and the complexing agent, stability 
constants of metal complexes, possibly also constants of acid or basic compounds). Most 
stability constants of chelating agents are determined at an ionic strength of 0.1 ju. The in­
fluence of ionic strength is taken in account in some degree in the table, but very accurate 
corrections are awkward to introduce and of little practical value. The values of this table lay 
no claim to being very accurate, but in most cases they are probably in the correct order of 
magnitude.
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164to the ionic strength of the solution.
Beck^ and Rossotti et a l ^  have stated that the reliability 
of a stability constant depends on the adequacy of the experimental 
method, the exactness of the experimental work, the consideration 
of all relevant equilibria, the calculation method and the 
reliability of the auxiliary data used.
Beck^ has compiled a list of methods available for stability 
constant determinations. The numerical and graphical methods are 
extremely cumbersome. The experimental methods have usually 
involved the measurement of a solution property that changes due to 
complex formation. Most of the constants determined in recent 
decades were determined by means of pH measurements and to a lesser 
extent, by pM measurements. The latter measurements have been 
usually restricted to limited concentration ranges and within a 
certain pH range. These potentionmetric measurements give activity 
and not concentration. Ringbom developed a simple way of employing 
a combination of these two types of potentiometric measurements for 
the determination of stability constants of many complexes.215152,164
The following list of methods that have been used for the 
determination of stability constant was compiled by B e c k : 23
Colligative property measurements.
Optical methods.
Mole ratio method.
Dilution method.
Competing reaction studies.
IR spectroscopy.
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Raman spectroscopy.
NMR spectroscopy.
Optical rotatory power studies.
Calorimetry techniques.
Reaction kinetics measurements.
Stoichiometric reaction studies.
Catalytic reaction studies.
Solubility measurements.
Ion exchange techniques.
Potentiometry.
Polarographic, chronopotentiometric and conductivity methods. 
Gas chromatography.
Density, surface tension and viscosity determinations.
None of these methods has been used for the determination of
stability constants at concentrations lower than about 10-^M.
Just about every possible method has been used in the determination
167of stability constants. Hastings and others determined the 
stability constant of Ca-citrate by measuring the concentration of 
Ca ions in citrate solutions using the rate of a frog's heart beat.
The method proposed here introduces the use of atomic 
absorption spectroscopy for the determination of conditional 
stability constants. One great advantage of AA methods has been the 
superior sensitivity and accuracy when compared to most of the 
methods listed above. The importance of improved sensitivity can 
be related to biological processes. Many enzymes have metal centers 
and are essentially metal complexes. These biologically important
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reactions usually take place at very low concentrations and 
information regarding the rate of formation of these complexes
has not been readily available.
The method proposed here gave the stability constant of a 
particular complex for the conditions of the experiment and that 
is what is important in a biological system.
Because of the nature of the measurements that were performed 
in this work, involving only the analysis of total metal 
concentration and of total complexed metal using the stripping 
electrode described in Part I of this chapter, there was no 
possible way of measuring any side reactions of the EDTA. The 
metal probably did not participate in any side reactions other than 
in the formation of aquo ions, otherwise removal of these ions 
from solution would not have been possible in Part I. The metal- 
EDTA complex, be it MY^- , MHY or M^Y, went through the electrode 
whereas the uncomplexed metal remained in the electrode. Therefore 
the electrode system gave information on the total metal-EDTA 
complex formed, but did not distinguish the different protonated 
species. The only correction possible in order to obtain the 
stability constant from the conditional constants obtained here 
was a pH correction for the available concentration of dissociated 
EDTA.
Because there was no simple way to correct for other competing 
ions in solutions as well as no direct method of determining which 
form of the metal-EDTA complex prevailed, this method gave only a 
pH corrected conditional constant.
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The effect of external factors on stability constants needs 
also to be taken into account if extrapolations are to be made for 
equilibrium studies of biological and environmental systems. The 
effect of temperature is obvious from the relationship between A G  
and log Complex formation is favored by positive entropy 
changes. Therefore, heating should increase the rate of formation 
of slow complexes. Williams168 has demonstrated that the entropy 
term is favorable when the ligand is anionic.
The dielectric constant also affects the equilibrium constant
1 ft 9and has been investigated by Rossotti and others. In 1905, even
before the concept of ionic strength was introduced in 1921 by
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Lewis and Randall, investigations in the field of stability 
constant determinations revealed that it was necessary to keep the 
ionic medium constant.'*'^ Bjerrum1^1 observed that the hydrolysis 
constant of Cr(III) varied with the total Cr concentration in 
solution when there was no neutral electrolyte, but it was constant 
in solutions containing 0.1 M KC1. The ionic strength effect is 
complicated and depends on the type of electrolyte used and cannot 
be always predictable. It has been generally believed that as the 
ionic strength decreases, the stability constant increases but there 
has been no agreement on this.88,16^
Because only pH corrections were considered here, the stability 
constants reported should be called conditional constants.
Besides the study of the determination of conditional constants 
of complexes, exchange reactions and kinetic studies were also 
performed.
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Exchange reactions are of extreme importance. Host toxic 
metals are thought to exert their toxic effects by replacement of 
essential metals on enzymes. ^  An assessment of these exchange 
reaction that could take place at physiological levels is possible 
with the system described here.
AA methods in combination with this technique could be used 
in metal speciation studies. The method described here was 
demonstrated to be applicable to the determination of conditional 
stability constants of some EDTA complexes at different concentrations, 
to the study of the rate of formation of the Pb-EDTA complex at 
different concentrations, and to the study of the rate of exchange 
of Cd for Fe and Pb in the Cd-EDTA complex.
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II. EXPERIMENTAL:
A. Equipment:
The equipment used in this part was the same as that one used 
in Part I of this chapter. In addition to the list of equipment 
given on pages 136-139 the following items were also used:
1. Laboratory oven. Arthur S. LaPine and Company. Labline, 
Catalog #3505.
2. Research pH meter: Corning Scientific Instruments
Model 12.
3. Thermometer 0-200°C.
B. Chemicals:
1000 ppm stock solution of Cd (as CdC^)
1000 ppm stock solution of Cd (as CdSO^)
1000 ppm stock solution of Pb (as P b ^ O ^ ^ )
1000 ppm stock solution of Zn (as ZnSO^)
8.90 x 10~3 M Na, EDTA solution (equimolar with 1000 ppm Cd)
4.83 x 10~3 m Na2 EDTA solution (equimolar with 1000 ppm Pb)
1.53 x 10“4 M Na2 EDTA solution (equimolar with 1000 ppm Zn)
8.90 x 10"4 M Fe solution (as Fe SO^)
Distilled dionized water.
Bromocresol green solution (0.004%) pH range 4.0 to 5.4 
HNO^ (Baker Chemical Co.)
^ PO^ (Baker Chemical Co.)
KOH (MCB)
pH^ Buffer (Fisher Scientific) 
pH 10 Buffer (Fisher Scientific)
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C . General Experimental Procedure:
1. Solution Preparation and Handling:
The solutions used in these studies were prepared by 
dissolving the required amounts of Cd, Pb, and Zn salts for the 
stock solutions. Solutions of EDTA with molarities equivalent to 
the molarities of the three metals studied were also prepared.
Prior to storing these standard solutions, the containers 
were conditioned for at least two days with solutions of the same 
concentration of the standard to be stored. The conditioning 
solutions were then discarded and other batches of the same 
concentrations were prepared. This procedure decreased the loss 
of metal by adsorption onto the wall of the containers and is 
discussed in Part III of this chapter.
In some cases, an oven was used to heat the solutions to 
achieve maximum complex formation.
2. Analysis of Samples:
The procedure first involved passing the solution through 
the electrode at a preselected voltage and then the Cd concentra­
tions of the solution before and after passing through the electrode 
were determined by AA.
The electrode effluent was collected with an Eppendorf pipette 
from the drop formed at the bottom of the electrode before the drop 
fell into the collecting reservoir. This procedure avoided 
contamination problems that could be caused by the container. Each 
solution was injected into the AA system a minimum of five times, 
and as many as twenty times for statistical purposes.
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3. £H_ Measurements:
Accurate measurement of pH has been extremely important 
in complexation studies because the hydrogen ion concentration has 
a direct effect on the dissociation of EDTA. Complexation studies 
have been performed usually at pH 9 and above for Cd-EDTA samples. 
This high pH ensures maximum concentration of . As the 
complexation reaction proceeds, the pH decreases and the solutions 
are usually buffered.
In the studies described here, the pH was not controlled. 
Controlling the pH would involve the addition of buffers and/or 
acids or bases which would certainly change the ionic strength of 
the solution and were possible sources of contamination. During 
these studies, interest was centered on determining what fraction 
of the Cd present in solution would complex with EDTA in a very 
dilute system.
Measuring the pH of this very dilute solution by potentiometric 
methods was not feasible as evidenced by the fact that the pH of 
distilled deionized water wandered for more than an hour before the 
meter needle settled. To measure the pH of the system, Bromocresol 
green was used in conjunction with the pH meter. A series of 
distilled deionized water samples were prepared with pH values 
adjusted between 3.0 to 6.0 with dilute KOH or H^PO^. The indicator 
was added later and the prepared solutions were placed in test 
tubes with plastic tops.
The pH of the solutions to be analyzed was estimated by taking 
a sample of the test solution, adding the same number of drops of
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indicator as they were added to the standard pH solutions and 
comparing the color of the sample to the color of the standards.
This method was only an approximation.
D. Procedure of Individual Studies:
1. PbrEDTA Studies:
a. Rate of Formation of Pb:EDTA Complex with Respect
to Time as a Function of Concentration and Mole Ratio: A series of
solutions of Pb with EDTA at different mole ratios was prepared and 
run through the electrode system at -0.9 volts 30 minutes and one 
day after the solutions were prepared. The Pb concentration was 
about 0.2 ppm.
To investigate the affect of concentration on the reaction 
rate, two other equimolar solutions were analyzed until complete 
complex formation was evident.
b . Determination of the Stability Constant of the PbrEDTA 
Complex: A 0.5 ppm Pb solution was prepared that contained an 
equimolar amount of EDTA. The Pb concentration of the solution was 
analyzed by AA before and after passing through the stripping 
electrode.
2. ZnrEDTA Studies:
A solution was prepared containing equimolar amounts of 
Zn and EDTA in distilled deionized water (1.53 x 10-^ M). Four 
hours after preparation, this solution was analyzed by AA at 3076 A 
before and after passing it through the electrode system at a voltage 
of -1.6 volts to determine the stability constant of the Zn:EDTA 
complex at this concentration level.
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3. Cd;EDTA Studies:
The Cd:EDTA complex was extensively studied at different 
concentration levels.
a. Determination of Conditional Stability Constant of
CdrEDTA Complex at the 5 ppm Level: A solution containing
—5 _ c
4.44 x 10 M Cd (5ppm) and 4.44 x 10” M EDTA was prepared and
run through the stripping electrode system at a voltage of -0.9 volts.
The solution was first analyzed for total Cd content by AA at
3261 A, and then as it emerged from the electrode. The concentration
of Cd in the electrode effluent was a measure of the total
complexed Cd present. Heating was required to attain reaction
completion at this concentration level.
b . Determination of Conditional Stability Constant of 
Cd:EDTA Complex at the 15 ppb Level: The CdrEDTA complex was
studied at the 15 ppb level and measured at the 2288 A line.
Solutions were prepared that contained 1.33 x 10  ^M Cd and the 
same number of moles of EDTA.
Because this complex formation was found to be kinetically 
inhibited at this concentration level, several studies were 
carried out including (a) monitoring the solution for complex 
formation during a period of up to 34 days and (b) heating the 
solution in closed Pyrex and polyethylene containers in an oven 
for different periods of time.
The effect of the material used for storage on complexation 
was discussed. The probable causes for the incomplete reaction 
observed at the ppb level were discussed on theoretical bases.
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c. Study of the Percent Cd that Complexed with Respect
to Changing Mole Ratios of EDTA: A series of solutions containing
15 ppb Cd (1.33 x 10~^M) was prepared with EDTA at mole ratios of 
1:1/2, 1:1, 1:1 1/2, 1:2, 1:2 1/2, 1:3, 1:3 1/2, 1:4, 1:5, 1:6, & 1:7.
The solutions were analyzed after 7 days and after 30 days to 
observe any complexation increase with time. The conditional 
stability constants were calculated at these concentrations.
d . Study of an Exchange Reaction of Fe+3 and Pb~*~^  with the
Cd:EDTA Complex: To a two day old solution containing 1.33 x 10-^M
Cd and 1.33 x 10-^M EDTA, an equimolar amount of Fe"^ + was added.
The concentration of complexed Cd was monitored to study the rate 
of replacement of Cd by Fe.
—7 2 +A similar study was performed by adding 0.7 x 10 M of Pb 
to a liter of another portion of the same Cd:EDTA solution to 
study the rate of replacement of Cd by Pb.
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III. RESULTS AND DISCUSSION;
A. PbrEDTA Studies:
1. Rate of Formation of PbrEDTA Complex with Respect to 
Time as a Function of Concentration and Mole Ratio: The Pb:EDTA
system was studied to illustrate the capabilities of the electrode 
system in the study of the rate of formation of metal complexes. 
Figure 66 shows the results obtained. After one half hour, the 
PbrEDTA complex was not completely formed as was expected for the 
1:1 ratio. After one day the reaction was complete. This was a 
relatively slow reaction at the sub ppm level.
Figure 67 shows a plot of the % Pb complexed versus time for 
two equimolar PbrEDTA solutions. One of the solutions was twice 
as concentrated as the other. The more concentrated solution 
reacted faster.
This study showed that as the concentration increased, the 
reaction rate was faster. The use of the stripping electrode for 
following reaction rates of this type was demonstrated.
2. Determination of the Stability Constant of the PbrEDTA 
Complex r
In calculating the stability constants for the PbrEDTA 
system it was determined that because the reaction was nearly 100% 
complete under the experimental conditions, the precision of the 
method was not sufficient to determine accurately the stability 
constants.
The pH of this equimolar mixture of PbrEDTA was 4.5. The 
extent of side reactions for the EDTA was given by the log of the
% 
Pb
 
C
O
M
P
L
E
X
E
D
218
100-
<^ Tr= I I>AV A t= 1/2 HOUR
8 0
60
0.2 PPM Pb
40
2 0
I to I 1/2I to 1/2 I to I
Pb t o  EDTA m o l e  r a t i o
FIGURE 66: Formation of Pb-EDTA (in solutions of different 
mole ratios) after JO minutes and after 1 day 
from the time of preparation. V = -0.9 volts.
%
P*
> 
C
O
M
PL
EX
 
EO
219
100
0 . 5 0  PPM P
0 . 2 5  PPM Pb
8 0
6 0
E Q U I M O L A R  P b - E D T A  M I X T U R E S  
VS
T I M E  A F T E R  PREPARATION
20
1.00 80.60 . 40.20
HOURS
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tty coefficient at that pH. This coefficient was reported to be 
about 7.6.164
The absorbance of the untreated 0.5 ppm Pb solution was 0.5557 
corresponding to a 72.2% absorption signal. After passing the 
solution through the stripping electrode, complexed Pb gave a 
signal of 0.5376 absorbance or 71.0% absorption.
The Pb:EDTA conditional constant (pH corrected) was calculated 
as follows:
[PbEDTA] = 2.334 x 10-6M
—6 c.
[Pb1] = [Pb] total - [PbEDTA] = 2.413 x 10 - 2.334 x 10"b
= 7.860 x 10-8M
[Pb] total = 0.5 ppm = 2.413 x 10-8M =[EDTA)total
[EDTA4-]_ [EDTA'] _  7.860 x 10~8 
®EDTA 107,6
H i
[Pb’] = [Pb ] if no side reactions of Pb are assumed:
log K.1 = log  [PbEDTA]. ---- and R log a
PbEDTA [Pb ][EDTA ] y
log K = log (2.334 x 10~6)_____________
Pb:EDTA 8
(7.860 x 10~B)(7.860 x 10 )
logK =16.2
PbEDTA
The literature value of the log K of the Pb-EDTA complex has 
been reported to be 18.0 and it was observed that log K obtained 
here did not agree with the literature value. The literature 
value may not be applicable at the concentration levels used in
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this study. In addition, the errors of determining the stability 
constant of a reaction that nearly went to completion are larger 
than the uncertainty of the measurement. When the theoretical 
percent that should be complexed at this pH and at this concentration 
in order to obtain log K = 18 was calculated* it was found that the 
value obtained was within experimental error.
1018-°_ x
[2.413 x 1CT6 - x][2.413 x 10~6 - x ]
- io7-6
solving for x = [PtrEDTA]theoretical
x = 2.403 x 10"6 M
Under these conditions, 99.6% of the Pb should be complexed.
The absorbance of the 0.5 ppm total Pb solution was 0.557 or 72.2%
—6absorption. A solution of 2.403 x 10 M should give a 72.0% 
absorption (.5528 absorbance) for the electrode effluent (complexed 
Pb) to satisfy the theoretical results. However, differentiation 
between 72.2% absorption and 72.0% absorption was not possible since 
the instrument error was about 3 to 5% absorption.
The actual determination of the above solution, measured after 
passing through the electrode, gave an average signal of 71.0% 
absorption. This was a 1.5% difference from the predicted 72.0% 
absorption obtained by theoretical calculations. This 1.5% error 
gave a log stability constant of 16.2 instead of a value of about 
18.0!
It was not possible to determine by this method the stability 
constants of reactions that went near completion because the precision
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of the determination was not sufficient. Because the denominator 
was a number close to zero, any small error in that number would 
produce large errors in the final log K determined.
Within experimental errors, this method was adequate to follow 
the rate of formation of the PbrEDTA complex, but not precise in 
the determination of the stability constant. However, there are 
no methods currently available for the determination of stability 
constants at these concentrations.
B. ZnrEDTA Studies: Determination of Conditional Stability
Constant of Zn:EDTA Complex at the 100 ppm level:
Since it was difficult to obtain a clean atomizer bed with a
low background for Zn using the most sensitive Zn line at 2139 A,
a less sensitive absorption line was used. A 100 ppm Zn solution
was analyzed at 3076 A. The solution was not buffered and its pH
was found to be 2.7. The results are shown in Figure 68. It was
found that about 92% of the Zn was complexed under these conditions.
The log K was calculated to be 16.3 after correcting for EDTA
dissociation at pH 2.7. The value was fairly close to the literature 
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value of 16.5. A theoretical percentage of 93 was calculated 
using the literature value for log K. The difference was well 
within experimental errors. Theoretically, the percent of Zn 
complexed with EDTA (at varying pH), at a concentration of 100 ppm 
total Zn were 2%, 38%, 93%, 96.5% and 99.7% corresponding to pH 
values of 1.4, 2.0, 2.7, 3.0 and 4.0, respectively. Therefore, as 
the pH increased, the amount of dissociated EDTA available for 
complexation increased with a corresponding increase in the
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FIGURE 68: Determination of Zinc concentration and calculation
of the conditional stability constant of the 
Zn-EDTA complex at the ppm level.
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concentration of metal complex formed.
C . Cd;EDTA S tudies:
The Cd:EDTA complex was studied for a long period of time. It 
was chosen because the sensitivity of the AA system used was about 
2 x 10"13 g. for Cd ( U p  absorption ). If the stability constant could 
be determined at the ppb level, it would be then feasible to use 
the stripping electrode system in the determination of complex 
formation at enzymatic concentration levels.
There are two resonance absorption lines for Cd, one 500 
times less sensitive than the other, which allowed the determination 
of Cd:EDTA complexes at the ppm and ppb levels. Exchange studies of 
the Cd:EDTA complex with Pb^+ and Fe^+ were also feasible.
1. Determination of the Conditional Stability Constant of 
*
Cd at the 5 ppm Level:
The conditional stability constant for the Cd:EDTA 
complex was determined using the Cd resonance absorption line at 
3261 A. One hour after preparation, the pH was about 3.3 and only
about 40% of the Cd was complexed. Five hours later, the pH had
dropped to 3.1 and about 74% of the Cd was found to be complexed.
After 1 day, the pH had dropped to 3.1 and about 74% of the Cd was
found to be complexed. After 1 day, the pH was still about 3.1
and about 75% of the Cd was complexed. Theoretically, 84.5% Cd 
should be complexed at a total Cd concentration of 5 ppm and pH
3.1 to obtain log K = 16.5 when side reactions are ignored.
It was suspected that at this concentration, complex formation 
may be slow. Heating the solution should speed up the complex
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formation since it favored the entropy term in the thermodynamic 
expression for the stability constant (-RT In K = A H  - T A S  =AG). 
When the solution was about 1 day old, it was heated in an oven at 
92°C for about 17 hours, then cooled for one and a half hour prior 
to analysis. About 83% of the Cd was found to be complexed with 
the EDTA, giving a log K = 16.1. Figure 69 shows a plot of % Cd 
complexed with respect to time.
The dependence of percent complexation on pH for the CdrEDTA 
system is illustrated in the following table. These values were 
theoretically calculated using a total Cd concentration of 5 ppm 
and log K = 16.5.
pH Theoretical % Cd Complexed
(pH corrected)
3.1 85%
3.2 89%
3.3 92%
3.5 95%
4.1 98%
At a pH of 3.1, the log f°r EDTA was 5.8, therefore, the 
ratio of total EDTA not involved in complex formation and the
/  _  C Q
concentration of EDTA as EDTA - was 10 ’ under the experimental 
conditions.
2. Determination of the Conditional Stability Constant of 
CdrEDTA at the 15 ppb Cd Level:
The Cd resonance absorption line at 2288 A allowed the
determination of Cd at the ppb level. The log of the stability
constant for the CdrEDTA complex has been reported to be 16.5.^^ 
When solutions of CdrEDTA were prepared at the 15 ppb level (1.33
x 10 ^M), the pH was estimated to be about 4.6 to 4.7. Under these
O  4 0
5 P P M  Cd EQUIMOLAR WITH EOTA 
VS
TI ME A F T E R  P R E P A R A T I O N
A = 3 2 6 1 A
HEATED A T -9  2 °  C 
FOR 17 HOURS
LOG K=l6.1 
PH=3.1
CALCULATED $ Zn C0MPLEXED=8>4.5 
EXPERIMENTAL $ Zn COMPLEXED=83
T o  i5  2 0  '^to
HOU R S  A F T E R  P R E P A R A T I O N
4 5
FIGURE 6 9: Determination of the conditional stability constant and rate of formation of the Cd:EDTA 
complex at the ppm level. Heating was necessary to acheive reaction completion.
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conditions 82% Cd should be complexed. However, it was experimentally 
measured on several solutions to be 35 to 45%. Figure 70 shows 
typical data from these solutions using the stripping electrode - 
AA method described here. These data were observed for solutions 
of Cd and EDTA at the 5 to 15 ppb levels in equal mole ratios. These 
results prompted further studies with this system to understand 
what may be taking place at very low concentrations.
Perhaps the reaction rate may be slow at this concentration 
level, also there may be other ions present in solution competing 
with Cd for the available EDTA, or at the pH of the solution some 
of the protonated Cd:EDTA complexes were present. The discrepancy 
may be due to one of more of the above mentioned factors, or a 
combination of them. It was also possible that at the concentration 
level of these experiments, there was a different equilibrium.
The 5 ppm Cd:EDTA solution previously discussed took several 
hours to complex appreciably. By heating the solution, the amount 
of complex formed increased indicating a kinetically inhibited 
reaction. At the ppb level this process was probably much slower 
than at the ppm level.
The fact that some complexes may dissociate upon dilution was
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observed by Lee, Kolthoff and Leusing when they were determining 
the overall stability constant for the iron (II) 1:10 - phenanthroline 
system. The complex was reported to form rapidly and quantitatively 
in concentrated solutions, but to dissociate in dilute solutions.
According to crystal field theory, in all configurations 
other than d° (Ca^+ , Sc^+ ), d^ (Mn2+, Fe^ ) and d1 (Zn2+, Cd2 )
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FIGURE 70: Analysis of a 
solution containing 1.33 x 
M Cd and 1.33 x 10'^M EDTA. 
After 5 days, only about 40-' 
of the Cd was complexed.
-7
3978
229
the splitting of the d electrons between the two energy levels by
the electrical field of the ligand lowers the total energy of the
system. This decrease in energy is called the crystal field
stabilization energy. This means that no stabilization occurs in 
2+ 2+
the case of Zn , and Cd complexes. The values of these energies
23
can be calculated from spectroscopic data.
Another important point to consider is the fact that stability
constants do not predict kinetic behavior. For example, Cu is
20,000 times more effective than Ni in replacing each other in
EDTA complexes even though their stability constants are nearly
173identical i.e. 18.8 and 18.6 respectively.
Several studies were performed to explain why the reaction 
was not complete at the ppb level.
If the reaction was indeed slow, heating of the system 
should increase the rate of reaction. Another approach was to 
allow the solution to age.
a. Rate of Complexation of Cd:EDTA at 15 ppb Level:
Two solutions were prepared. Both contained 1.33 
x 10 Cd and the same EDTA molarity. These solutions were 
monitored for total Cd and complexed Cd with respect to time using 
the stripping electrode - AA method. It was of interest to 
observe if the concentration of Cd complexed in solution increased 
with time, indicating a very slow reaction under experimental 
conditions. The solutions were stored in polyethylene containers. 
Storage considerations with very dilute solutions are discussed in 
Part III of this chapter. The results obtained are shown in Table XV.
AVERAGE
TABLE XV
RATE OF COMPLEXATION OF Cd:EDTA AT I5 ppb LEVEL
SOLUTION 1 SOLUTION 2
AVERAGE
TIME pH 4, COMPLEXAT ION TIME PH <i comple;
1 day k .6 k2$ 0.2 days k .6 39#
3 days k .6 k % 1 day k.l to#
11 days to7 39# 5 days k .6 ^2#
12 days k .6 kQtjo 12 days k .6 to#
1^ days k .6 38# 13 days k .6 k2$
27 days k .6 kk<fo 20 days k .6 k2$
J>k days k.l 39#
to#
Two solutions were stored in polyethylene and the Cd complex was monitored with 
respect to time.
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There was no change in complexation with time. The system 
seemed to be in an apparent equilibrium for the reaction conditions
and log K for this system was about 7. If only pH effects were to
be taken into consideration for converting the conditional constant 
to the stability constant, log K was calculated to be about 14.5.
This number was about 1% off the literature value of 16.5. Clearly 
other factors influenced complex formation at these low concentrations. 
The formation of protonated complexes was possible. The stability 
constants of these protonated complexes are much lower than the 
normal complex.
b . Heating Studies on the Complexation of CdtEDTA at 15ppb
Level: If complex formation were increased by heating the
solutions, it could be proven that the solutions at the 15 ppb 
level were kinetically inhibited and probably in a quasi-equilibrium 
state.
In order to investigate this possibility, several equimolar 
Cd:EDTA solutions were prepared at the 15 ppb level. These solution 
were heated for different lengths of time.
Heating the solutions favored the entropy term of the expression 
relating log K with A G .  With heating, the collision rate between 
species in solution increased and therefore, the probability of the 
reaction.
Figure 71 and 72 show the results obtained when solutions of 
15 ppb CdrEDTA were heated at 92°C for several hours in polyethylene 
and Pyrex containers, respectively. Heating took place inside an 
oven and the containers were stoppered to prevent evaporation losses.
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FIGURE 71: Effect of heating on the formation of the Cd-EDTA
complex at the ppb level. The conditional stability 
constant (pH corrected only) was found to be 16.J.
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FIGURE 72: Effect of heating on the formation of the Cd-EDTA
complex at the ppb level. The conditional stability 
constant (pH corrected only) was found to be 16.0.
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Each point on the curve represents a fresh solution of CdtEDTA, 
ie, the same solution was not heated for 4 hours, then again for 8 
and so on but each solution was heated individually for the period 
of time indicated in each point on the graph. However, the same 
solution batch was used for both polyethylene and Pyrex studies 
which were performed for the same length of time. For example, 
the same solution batch was used for both 104 hour heating of 
polyethylene and Pyrex.
As heating time was increased, the pH decreased indicating 
increased complexation. This was expected since solutions were 
not buffered. As pH decreased, the theoretical concentration of
complex formed also decreased because of decreased availability of
v4- .Y ions.
The asteriks in Figures 71 and 72 indicate the theoretically 
calculated % Cd that should be complexed, at each particular pH for 
a 15 ppb Cd equimolar mixture with EDTA, if only hydrogen ion effects 
were taking place.
It can be observed from the figures that heating increased 
the amount of complex formed. Therefore, the Cd:EDTA complexation 
reaction was kinetically inhibited at the ppb level. It took 
energy to force the reaction closer to completion. If left alone, 
solutions of CdrEDTA at that concentration level have been 
previously shown not to change with time in the percent of Cd 
complexed.
The maximum log K for the polyethylene stored solution was
16.3 (pH corrected) at pH 4.1. This experimentally obtained log K
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compared rather well with the literature value of 16.5. The 
maximum log K for the solution stored in Pyrex after 104 hours of 
heating was 16.0.
It was suspected that there were other cations in the distilled 
deionized water that would compete with Cd for the available EDTA. 
This could account for the fact that the log K obtained never 
reached the literature value of 16.5. However, the extent of these 
possible side reactions was not known.
Figure 72 shows that the values obtained for the solutions 
stored in Pyrex were always lower than the corresponding values for 
the solutions stored in polyethylene as shown in Figure 71. Pyrex 
has been reported to contain many contaminants in its structure that 
can leach out from the glass. From this figure the aging effect of 
the container can be observed. There seemed to be less interference 
for the Cd:EDTA complex formation with heating for the "older" 
container. EDTA could have extracted metals from the glass. As 
the container aged, the cleaner glass did not release nearly as 
much contamination as before, thus more EDTA was available for Cd 
to complex with. This was indicated by a relatively sharp rise in 
the curve. For polyethylene, this was not observed.
Both containers were rinsed several times with 20% HNOg between 
studies to remove as many impurities as possible from the container 
walls. This process did not seem to be sufficient for cleaning 
Pyrex.
All of the heated solutions were determined after at least 
1 hour of cooling time. They were redetermined 1 to 4 days after
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heating was discontinued and no evidence of dissociation was 
apparent.
3. Study of the Percent Cd that Complexed with Respect to 
Changing Mole Ratios of EDTA:
Figure 73 shows the % complexation obtained when solutions 
of different mole ratios of Cd and EDTA were analyzed. The Cd 
Concentration was kept constant at 1.33 x 10~^M. The solutions 
were allowed to equilibrate for seven days prior to determination 
using the stripping electrode-AA method. Figure 73 also shows the 
results obtained after 30 days. There was no difference between 
the % complexation after 7 days, and after 30 days, for the same 
solutions. The results obtained indicate that under the experimental 
conditions, the CdrEDTA complex was in equilibrium for all practical 
purposes even though the % complexation obtained was well below the 
theoretically predicted value at higher concentrations. The pH 
of the solutions was about 4.7.
It is important to emphasize the relevance of conditional 
constants. They represent the actual situation for the experimental 
conditions.
Table XVI gives the value of the conditional constants 
obtained for these systems at pH 4.7. The pH corrected values are 
also given.
4. Studies of Exchange Reactions Between Pb^+ and Fe^+ with 
the Cd:EDTA Complex:
Exchange studies are of extreme importance for prediction 
of toxicity effects of Cd. It has been suspected that the principal
100
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FIGURE 73: <$, Cd complexed with respect to different mole ratios of EDTA and with respect to time.
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TABLE XVI
CONDITIONAL STABILITY CONSTANTS FOR 
MIXTURES OF Cd AND EDTA AT 15 PPB LEVEL
Ratio Log K 7 Days Log K 30 davs
CdrEDTA Conditional PH Corrected Conditional pH Corrected
1:1/2 6.9 lh.2 J.k lk.J
1:1 7 .0 11+.3 6 .9 lb. 2
1:1 1/2 6.9 1^-2
1:2 6.9 1^.2 6 .9 lb.2
1:2 1 / 2  6 .9 1^.2
1:3 7.2 1^.5 7-0 U . 3
1:3 1/2 7.1 l^*1^
l-A 7 . 2  lit-. 5 7-3 1^.6
1:5 7-3 lb.6 7-3 U .6
1 : 6 7*5 14.8 7-5 14.8
1:7 7-9 15-2 7-8 15.1
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toxic effect of Cd in humans is due to the replacement in enzymes 
24
of Zn by Cd. The procedure described here allowed the study of
replacement or exchange reactions at very low concentrations.
2+
Pb was added to a 2 day old solution containing 15 ppb of
Cd (1.33 x 10 ^M) and an equimolar amount of EDTA. The total
2+ -7concentration of Pb added was about 0.7 x 10 M, or about half of
the total Cd present. The log K for the CdiEDTA complex was 16.5
164
and that for the Pb:EDTA complex was 18.0.
The solution was analyzed prior to the addition of Pb and 
only about 43% of the Cd was complexed. About 11/2 hours after 
addition of Pb to the solution the amount of Cd complexed had 
decreased to 35%. After one day it decreased to 33%, even though 
there was some EDTA available for Pb, Pb displaced Cd from the 
previously formed complex.
An even more dramatic effect of replacement reaction was 
observed when Fe^+ was added to a solution containing a 1:1 
mixture of Cd and EDTA at the 15 ppb Cd level. Fe^+ was equimolar 
to the total Cd. The loss of the Cd:EDTA complex was evident as 
shown in Figure 74.
5. Theoretical Study of Different Factors Affecting the 
Kinetically Slow Cd:EDTA Reaction:
a. There may be different forms of the metal EDTA
complex. As stated in the introduction to this part, at low pH
21,23,151,174,175 
EDTA complexes are known to exist also as HMY and ^MY.
These have different stability constants as indicated by the
following reactions:
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24- 3-„ M
M + HY ± = z  MHY , K
HHY
+  2-_j ___ - H
H + MY ± = Z  MHY , K
MHY
M
K K
MY MHY
18.0
16.5 9.3
Between pH 4 and pH 5, which was the range where these
measurements were performed the predominant EDTA species was 
2- 15^ Y  , which required further dissociation before complex
165
formation.
This fact may account for the kinetically inhibited reaction
2 -
between Cd and EDTA to form the normal complex - CdY . It could
be speculated that upon heating the solutions, H^MY and HMY- may be
2 -
converted to the more stable MY form. Heating has been shown to 
favor complex formation by the increase in the entropy term of the 
expression relating Z\G with In K.
b. There may be different forms of the metal ion in 
solution, therefore, the metal would not be readily available for 
complex formation.
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The metal ions are always present in the aquo form. There 
is no such thing as a ’’naked" ion in solution, thus the literature 
stability constants include this effect. However, it could be
_7
stated that at the 10 M level, the number of EDTA ions present was 
infinitesimally small with respect to the number of water molecules 
surrounding Cd ions. Once the Cd and the EDTA ions came into
for example,
Ion
MHY
Pb2+ 2.8
Cd2+ 2.9
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contact, the stability of the chelated complex was much larger than 
the stability of the hydrated species and reaction took place. This 
effect was very small when the Cd:EDTA system was studied at the 
ppm level.
6. Theoretical Study of Different Factors Affecting Stability
Constants:
a. Experimental errors may account for some of the 
discrepancy between experimental and literature values for the log 
of the stability constants.
The calculated percent complexation of a 1:1 CdrEDTA solution 
at the 15 ppb level and a pH of 4.6 (log Qly = 7.3) using the literature 
stability constant was 93.4%. If there were a 2% error in the 
determination of the complex present, the log K obtained would be 
15.9.
The reproducibility of the AA system used was 3 to 5%.
Experimental errors could indeed account for the lower values 
obtained for log K with the heated Cd solution using the more 
concentrated 5 ppm Cd and 100 ppm Zn solutions. Experimental 
errors could not account for the 40% complexation obtained for the 
unheated 15 ppb Cd solutions.
b. The most important factor to be considered in 
accounting for the slightly low values of the log K obtained could 
be the presence of other ions in solution that could compete with 
Cd for available EDTA. In Part I of this chapter, the presence of 
metal ion impurities in distilled deionized water was discussed.
Another source of ions was the containers where the solutions
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were stored. Table XVII shows the trace metal content of water
106
from different sources after storage in several containers.
It should be mentioned that although the stability constant 
of one metal complex of EDTA may be larger than another, it would 
not necessarily mean that the former should be formed preferentially
U 1 173over the latter.
EDTA itself may contain a significant amount of metals even 
in its purest form. Table XVIII shows some of the ions present in 
EDTA.128
All other cations that may be present in solution regardless 
of their source decrease the amount of available EDTA to the species 
of interest, and may account for the discrepancy between the 
experimental values obtained here for the log K and the literature 
values.
c. All values reported in the literature are reported 
at a constant ionic strength of 0.1. The effect of ionic strength 
on stability constants is not severe in the range of 0.1 to 0.5 
ionic strengths. But activity corrections change tremendously 
between /a = 0 and yu = 0.1. The effect of ionic strength on the 
stability constant cannot always be predicted?2,18^*18'*
The ionic strength of the solutions used in these studies at 
the ppb level was on the order of 10-3, therefore, the values 
obtained at this ionic strength may not be comparable to the 
literature values reported at yu = 0.1.
d. Errors in pH determination of these very dilute 
solutions may also account for errors in the final log K 
determination.
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TABLE XVII
COMPARISON OF PURIFICATION 
METHODS FOR TRACE METALS10^
SAMPLE METAL CONCENTRATION(ppb) *
Zn Pb Cu Fe A1
Barnstead water redistilled 1.4 0.9 O .5 0.9 1.0
in Pyrex.
Barnstead water redistilled 4.6 3*0 1.2 4.5 10.2
in Pyrex then stored in Pyrex.
Barnstead water redistilled 5*6 4.1 4.4 40.5 45.0
in Pyrex, then stored in a 
paraffin-lined bottle.
Barnstead water passed through 0.5 0.5 0.5 0.5 4.0
a mixed bed ion exchange
column.
Water from an ion exchange 1.5 4.5 0.6 1.5 4.3
column stored in polyethylene.
*
Each value represents the average of several determinations.
Trace metal content is illustrated for various solutions of redis­
tilled and ion-exchanged water before and after storage for two 
weeks in different kinds of containers.
TABLE XVIII
CERTIFIED VALUES FOR ONE LOT OF HIGH PURITY EDTA128
ASSAY AND ANALYSIS METALLIC IMPURITIES (oom)
Assay (C10H15N 2O3 ) after Aluminum 0 . 0 3
drying at 105°C for 2 hr. Antimony <1
Potentiometric acid-base Barium < 0 .0k
weight titration 1 0 0.0% Berylium < 0 . 0 1
Chelometric weight titration Bismuth < 0 . 1
with photometric indica­ Cadmium < 0 . 2
tion 100.0% Calcium 0 . 1
Elemental analysis Chromium < 0 . 1
Carbon (theory kl.01%) .kl.3% Cobalt < 0 . 1
Hydrogen (theory 5>52%) 5.6% Copper 0 . 0 2
Nitrogen (theory 9-59%) 9.6% Ga11ium < 0 . 1
Ash (sulfated) 0 .003% Germanium < 0 . 2
Loss on drying at 105°C for Gold < 0 . 2
2 h r . 0.07% Ind ium < 0 . 0 2
Nitrilotriacetate content 0 .02% Iron 0 . 1
Particulate matter (after Lead < 0 . 2
dissolution in aqueous Magnesium 0 . 0 1
ammonia) 0 .003% Manganese < 0 . 0 2
Nonmetallic impurities (ppm) Molybdenum 0 . 0 2
Arsenic 0 . 05 Nickel < 0 . 1
Boron 0 . 0 2 Niobium < 0 . 2
Halide (as Cl) 30 Silver 0 . 0 1
Silicon 0 .01 Sodium 25
Strontium 0 . 1
Tin < 0 . 1
Titanium 0 . 0 2
Vanadium < 0 . 0 2
Zinc < 2
Zirconium < 0 . 1
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IV. CONCLUSIONS:
The stripping electrode - atomic absorption spectroscopy system 
has been demonstrated to be well suited for the determination of 
complexed and inorganic heavy metal concentrations in liquid 
samples at very low concentrations. It can be used as a very cheap 
and efficient method to add a rough speciation capability to atomic 
absorption spectroscopy.
The stripping electrode - AA method can be used successfully 
for the determination of conditional constants of complexes of 
heavy metals, kinetic studies involving reaction rate determinations 
of complex or organometallic formations that take longer than about 
10 minutes.
A big advantage was the fact that an electrode lasts a long 
time. In fact, all of these studies were done with only three 
electrodes and all of them were still usable.
Some of the disadvantages of the method include the fact that 
only heavy metals can be studied, only liquid samples can be 
examined, and there may be interferences from anions such as Cl- 
in solution that may solubilize plated metals.
PART III
BRIEF STUDIES ON SOLUTION CONTAMINATION
I. INTRODUCTION:
Solutions of less than 1 ppm are known to be subject to 
significant losses because of adsorption of the elements in
16solution onto the walls of the containers in which they are stored.
Concentration changes may also be brought about by contamination by
some of the materials of which the storage containers were made, by
contamination of the solution by desorption of materials previously
adsorbed on the walls of the container, by loss of solute by
adsorption on the walls of the container, or by chemical changes
such as precipitation or colloidal formation of the solute under
16,128
storage conditions. The first two cases are positive
contaminations, the latter two negative contaminations. Evaporation
of solvent was not considered here. Glass and polyethylene contain
trace metals that can leach into the solution stored in them as
177shown by Table XVII. Robertson thoroughly investigated the role 
of contamination in trace element analysis of sea water.
Polyethylene and Teflon containers seem to be the best types of 
containers for storage of dilute solutions. However, poor quality 
control, use of scrap stock materials, contaminations from mold and 
mold release agents, and polymerization catalysts can contribute to 
contamination problems. Polyethylene produced by conventional 
high pressure, face radical polymerization is preferable to
178
polyethylene formed using aluminum or transition metal catalysts. 
Polyethylene, Teflon and high purity synthetic quartz are still the
247
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19best container materials available.
It has been recommended that containers for storage of
standard solutions and samples of low concentration be treated with
HNO^. The acid acts as a leaching agent for the removal of trace
179contaminations from the walls of the containers.
Desorption of previously stored samples into new solutions is
also possible but can be avoided by rinsing the containers with
HNO„ .
3
During the studies discussed in Chapter II, Part II,
contamination interferences were observed when heating Pyrex and
polyethylene vessels containing CdiEDTA solutions. This source of
errors was studied and is discussed in detail in Part III.
Losses due to adsorption of the elements of interest in
solution onto the walls of the container in which they were stored
180
have been investigated by West and coworkers. They studied the 
adsorption characteristics of Ba, Be, Cd, Mn, Pb, and Zn on Pyrex, 
flint glass, and polyethylene surfaces during storage under different 
conditions.
The adsorption phenomenon was extensively discussed by Thiers^
The extent and rate of adsorption depends on the element, its
concentration, the pH of the solution and the type and history of 
181the container. As early as 1917, adsorption has been known as
1 8a cause of negative contamination.
181
0 Haver summarized some of the experimental findings regarding 
adsorption losses. Mo, Mn, V, and Ni are seriously adsorbed onto 
glass surfaces whereas these metals in solution are stable in
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polyethylene containers. Silver is adsorbed readily onto both glass
and polyethylene with more than 50% of the Ag lost from solution in 
182 183
a few days. ’ Losses of 1 to 10% in two weeks have been 
reported for Sr, Zn, Cu, Fe, Pb and A1 in Pyrex containers. Losses
are said to be minimized by using polyethylene containers and
... . • 181 slightly acidic solutions.
Upon analysis of the many articles that have been published
regarding the prevention of adsorption onto the container walls and
the minimization of desorption of metals from the container
material into the solution, it was observed that both processes are
aided by an acidic medium. Therefore, one may add HNO^ to keep the
metals in solution while the high acidity may promote leaching or
desorption of trace metals from the walls of the container.
EDTA has been reported to be successful in the stabilization
of traces of traces of Ag in solution by preventing adsorption
184
losses of Ag to the walls of the containers. In the course of
the complexation studies (Part II), it was found that EDTA did 
not seem to prevent Cd from plating onto polyethylene surfaces.
This observation is discussed in the following studies.
Environmental contamination of purified water in open containers 
is also discussed as well as storage contamination due to leaching, 
and adsorption processes with respect to their importance in trace 
metal analysis.
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II. EXPERIMENTAL:
A. Equipment:
The equipment used for analysis of the samples has been 
described in Section I and Section II of this chapter. Both the 
AA system and the stripping electrode were used in these studies.
B . Chemicals:
1. Distilled-deionized water.
2. 1000 ppm stock solution of Cd (as CdSO^).
3. 8.90 x 10“^M EDTA solution.
4. Bromocresol green (0.00^ solution).
C . Experimental Procedure:
1. Solution Contamination Due to Desorption of Metals from 
the Container Walls:
Both polyethylene and Pyrex were suspected of contaminating 
the Cd:EDTA solutions stored in them during complexation studies. 
These containers were thoroughly cleaned with HNO^, rinsed and boiled 
in distilled deionized water, and rinsed again. A series of 
solutions of 15 ppb Cd with equimolar amounts of EDTA were prepared 
and heated in Pyrex and polyethylene containers for several hours.
In between studies, the containers were rinsed with HNO^, boiled in 
distilled deionized water and rinsed prior to placing fresh 15 ppb 
Cd solutions in them. This process was repeated several times. A 
decrease in Cd:EDTA complex formation would be an indication of 
solution contamination by the container. These determinations were 
performed by measuring the total Cd to Cd:EDTA ratio present in 
solution.
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2. Effect of ’’Pre-equilibration" and of EDTA in Preventing 
Adsorption of Solute onto Polyethylene Container Walls:
Two 2 gallon polyethylene bottles were rinsed with HNO^, and 
then rinsed with distilled deionized water several times. These 
bottles were then used to store 15 ppb Cd solutions with equimolar 
amounts of EDTA each. At the end of two days, the solution in one 
of the bottles was discarded and replaced with a fresh batch of 
15 ppb Cd’.EDTA solution. The other bottle was not disturbed. The 
effect of adsorption onto the container walls was investigated for 
both solutions by the same type of measurements as those in 1.
3. Contamination of Purified Water in Open Containers: 
Distilled deionized water was purified further by using
the technique described in Part I of this chapter. Pb and Cd were 
both analyzed directly from the electrode effluent and also from the 
collection vials after about 1 hour to 2 hours of exposure of the 
water to the air.
III. RESULTS AND DISCUSSION:
A. Solution Contamination Due to Desorption of Metals from the
Container Walls:
Figure 72 shows the percent complexation of Cd with EDTA 
stored and heated in Pyrex containers. Each point on the curve 
was determined from a new solution. As the container "aged" with 
periodic washes with HN0o as well as by interactions with the 
Cd:EDTA solution, the metals that were present in the walls of the 
container decreased in concentration. As fewer cations were leached 
out of the walls with each new solution, more EDTA was available for 
complexation with the Cd and the Cd;EDTA/Cd ratio rose accordingly.
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These results indicated that merely rinsing the Pyrex 
containers with HNO^ prior to use as well as storing EDTA in these 
containers, did not quickly remove the metals present in the 
walls.
Figure 71 shows that leaching effects are not noticeable for 
polyethylene containers over long periods of time.
In order to determine the extent of leaching in polyethylene 
containers, the procedure was repeated using a different container 
but changes in complexation were followed for a short time. The 
time of the study was short enough to prevent an increase in 
complexation of Cd with EDTA due to heating effects previously 
discussed in Part II.
Following rinsing the container with HNO^ and distilled 
deionized water, a 15 ppb CdrEDTA solution was placed into the 
container and heated for 10 minutes, the solution was analyzed 
and then discarded. The cycle was repeated until the percent of 
the Cd complexed returned to the original percent discussed in 
Part II. Table XIX shows the results obtained. Analysis of this 
table indicates that the percent Cd complexed with EDTA decreased 
about 16% when the solution was first heated in a new polyethylene 
bottle. This was probably due to exchange of cations from the 
polyethylene bottle walls with the Cd.’EDTA complex. The second time 
(using a new solution) that the process was performed using the 
same heating time only about 32% of the Cd was complexed. This was 
a 10% decrease in complexation with respect to the unheated 
solution. The third time, the Cd:EDTA complex remained intact
TABLE XIX
$ Cd COMPLEXED UNDER VARIOUS CONDITIONS 
HEATING TEMPERATURE HEATING TIME PERCENT Cd COMPT.FTF.n
o°c 0 min. 42$
ooot- 10 min. 26$
70 °C 10 min. 32$
70 °C 30 min. 43$
70 °° 60 min. 46$
$ Cd complexed for different solutions successively stored and 
heated in the same polyethylene container: When a solution 
containing 1.33 X 10 ^ M  Cd and EDTA was heated in this 
container, the $Cd complexed decreased because impurities 
leaching from the walls of the container were competing with 
Cd for the available EDTA. As the container "aged", successive 
fresh solutions showed an increase in the Cd complexed since 
no more impurities were leaching from the walls of the 
container.
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indicating no further competition of other ions with Cd for the
EDTA. Thereafter, the Cd:EDTA complex increased in concentration
due to heating of the solution (a kinetically slow reaction).
B. Effect of "Pre-equilibration" and of EDTA in Preventing
Adsorption of Solute onto Polyethylene Container Walls:
It has been a common practice in this laboratory to
"pre-equilibrate" the containers used for storing dilute solutions,
even if only for a short time. The routine involves always using
the same container for storing solutions of the same concentration
without washing the container with acid prior to refilling the
container with a fresh batch of the same concentration. This was
believed to reduce further adsorption onto the walls of the
container on the assumption that the walls of the container were
"saturated" with the ions that were present in solution at that
particular concentration.
A 15 ppb Cd solution with equimolar amounts of EDTA was placed
into a "pre-equilibrated" polyethylene bottle and was studied for
20 days. No loss of solute was observed as indicated in Figure 75.
It has been reported that EDTA reduced the adsorption of Ag
184onto the container walls. It was therefore possible that EDTA 
and not the "pre-equilibration" step was the reason for the results 
obtained. However, about 60% of the Cd was not complexed with EDTA 
under these conditions. In order to determine whether the 
"pre-equilibration" step or the EDTA were preventing adsorption of 
Cd onto the container walls, another solution of 15 ppb Cd with 
equimolar amount of EDTA was placed into another polyethylene bottle
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FIGURE 75: Effect of pre-equilibration of the container in preventing adsorption losses 
___________ of solute. The pre-equilibrated solution did not show losses of Cd with time.
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that had not been used before (other than cleaning with HNO^ and 
water). This solution was studied for about 34 days. The initial 
total concentration of Cd decreased rather rapidly during the first 
three days and then seemed to stabilize at a concentration of nearly 
half of the original total Cd concentration. Adsorption took place 
as shown in Figure 75. Upon analysis of the Cd complexed in 
solution, about 40% of the Cd in solution was complexed. Figure 76 
shows that for both solutions, the % Cd complexed remained constant 
regardless of whether or not severe adsorption had taken place.
These solutions were the same solutions that were analyzed in Part II 
of this chapter.
It can be concluded that EDTA was not helpful in stabilizing 
solutions of Cd at the ppb level in order to prevent adsorption 
losses. "Pre-'equilibration" seemed to be the method of choice to 
prevent adsorption losses of Cd.
C . Contamination of Purified Water in Open Containers;
Distilled deionized water was analyzed for Cd and Pb as the 
water emerged from the stripping electrode system described in this 
chapter. The polished water was collected in a polyethylene vial 
open to the air. The collected water was run through the electrode 
four times after 1 to 2 hours collection intervals. Table XX shows 
the results obtained. Lead levels were higher than Cd levels and 
were less sensitive to trace contamination. The contamination 
observed upon storage could be due to both desorption of elements 
present in the container and absorption of elements from the environment.
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FIGURE j 6 :  cj0 Cd complexed with respect to time for stored Cd-EDTA solutions.
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TABLE XX
CONTAMINATION OF PURIFIED WATER IN OPEN POLYETHYLENE CONTAINERS
distilled-deionized
water
0.6
0.6
0.5
0.7
Cd SOLUTION (ppb)
water from the 
electrode drop
0.5 
0.4 
0.55 
0.5
collected and 
stored water
0.6
0.5
0.5
0.6
Pb SOLUTION (ppb)
distilled-deionized water from the collected and
water electrode drop stored water
15 9 13
14 9 10
14 9 10
14 3 9
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Storage problems are of extreme importance in trace metal 
analysis and these problems should not be underestimated. Purified 
water must be analyzed periodically if stored in order to ensure 
that the quality required for an analysis is met.
IV. CONCLUSIONS;
Polyethylene containers can be reasonably cleaned from metal 
impurities by successive cleaning with HNO3, distilled deionized 
water and by heating with EDTA solutions. Pyrex cannot be as 
efficiently cleaned by the same method.
Adsorption of Cd to the walls of polyethylene containers 
cannot be avoided by adding EDTA to the solution. However, by 
using the same container for the same solution concentration without 
HNOg treatment between refills, a pre-equilibration of the container 
and solution was attained and no further loss of Cd from solution 
was observed.
The stripping electrode system developed in this laboratory 
and discussed in this chapter, was quite effective in the preparation 
of very clean water and in the study of the effects of EDTA on 
adsorption and desorption contamination problems.
CHAPTER III 
"ANALYSIS OF AIRBORNE PARTICULATES BY ESCA"
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CHAPTER III
ANALYSIS OF AIRBORNE PARTICULATES BY ESCA
I. INTRODUCTION:
Air pollution has been taking place even before man's presence 
on earth. Most air pollution sources are of natural origins, as can 
be observed on Table XXI.'*' Any circumstance that adds to or subtracts 
from the actual constituents of air may result in alterations of its 
physical and chemical properties. Some alterations may become signi­
ficant enough to be detectable. It has been usual to consider as 
pollutants only those substances added to the environment in sufficient
concentration to produce a measurable effect on man or other animals,
- . , 185vegetation or materials.
In recent years, a strong emphasis has been placed on the presence
of heavy metal pollutants in the atmosphere. Most often, these heavy
metal pollutants are present in very low concentrations and are found
as particulate matter. These particulates may be so large that they
may rapidly settle to the ground. Others are small enough that they
can remain airborne for a period of time until they are removed by
natural phenomena such as rain or snow or until they are inhaled by
people.
The size of the particulate material is of extreme importance in
terms of toxic potential. They generally enter the body through the
X86respiratory system. As shown in Figure 77 , the smallest particles,
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TABLE XXI 
SIGNIFICANT SOURCES OF 
MAN-MADE PARTICULATE POLLUTION IN THE UNITED STATES (1)
EMISSIONS^ #
SOURCE _____________________________ TONS x 10 /YR______ OF TOTAL
Natural dusts: 63 51.3
Open burning; 56.3 15-9
Wildfire 37
Controlled fire
Slash burning 6
Accumulated litter 11
Agricultural burning 2.1
Transportation: 1.2 1.0
Motor vehicles
Gasoline 0.120
Diesel 0.260
Aircraft 0.030
Railroads 0.220
Water transport O.I5O
Nonhighway use
Agricultural O.O79
Commercial 0.012
Construction 0.003
Other 0.026
Incineration: O.93I 0*8
Municipal incineration O.O98
On-site incineration O.I85
Wigwam burners (excluding 0.035
forest products disposal)
Open dump 0.613
Other minor sources: 1 .281 1.0
Rubber from tires O.3OO
Cigarette smoke O.23O
Aerosols from spray cans 0.390
Ocean salt spray O.3IO
GRAND TOTAL: 122.715 100.0
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FIGURE 77: Efficiency of particle deposition in the
three respiratory system components.
Reference 186.
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usually those smaller than lym,can reach deep into the lungs. Any
metallic species which may be present as an integral constituent of
the particle or that has been adsorbed and concentrated on the surface
of the particle may then be solubilized by some natural biochemical 
1
process.
This has been extremely important because most toxic materials that 
can reach the pulmonary region have been known to have a high probability 
of being absorbed into the bloodstream because the efficiency of ex­
traction of toxic species from particles deposited in the pulmonary 
region is 60-80%. Particles that are larger than 1 y,m deposit in the 
nasopharyngeal and tracheobronchial regions where there is a protective 
mucous blanket. From this region, the deposited particles can be trans­
ported to the pharynx by mucociliary action and then 5-10% of the particles 
are swallowed. Once they are transported into the gastrointestinal
tract, the pollutants may exert a direct toxic effect or they may be 
absorbed and transferred to other areas and tissues. The absorption 
efficiency of most metallic species by the gastrointestinal tract is 
poor compared to the absorption efficiency by the pulmonary region.
Table XXII shows a list of the major sources of air pollution of
185
trace metals and their effects on human health . A number of toxic
elements such as those listed (with the exception of Fe) have been found
in urban aerosols in particles with equivalent mass median diameter of 
186,187,188
lym or less.
Even when the particles or pollutants adsorbed on the particles 
cannot be solubilized and incorporated into the blood stream, they may 
still cause damage due to their presence in the lungs resulting in short 
term irritation effects or in long term effects such as silicosis,
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TABLE XXII
1 Or
Major Sources of Air Pollution of Trace Metals 
and Their Effects on Human Health
ACGIH 
t h r e s h o l d  l imi t s ,
m e n t m g / m 1 S o u r c e s  of  p o l l u t i o n E f f e c t s  on  h u m a n  h e a l t h
As 0.5 a s  As  a n d  As 
in its sa l t s  
0.2 a s  AsHj
S m e l t e r s  p r o c e s s i n g  a r ­
s en ica l  o r e s ,  i n s e c t i ­
c i d e s ,  h e r b i c i d e s ,  a n d  
p e s t i c i d e s
De rmat i t i s ,  b r o n ch i t i s ,  
a n d  sk i n c a n c e r  (3)
Be 0.002 a s  Be B e - C u  al loys,  r o c ke t  
f ue l s ,  a n d  c o a l s
C h e m i c a l  p n e u m o n i t i s ,  
beryl l iosis ,  c h e m i c a l  
ulcer ,  a n d  c a r c i n o g e n e ­
sis ( 4 )
Cd 0.2 a s  Cd a n d  Cd 
in i ts sa l t s  
0.1 a s  CdO f u m e
Elec t ropl at ing ,  al loys,  
so ld er s ,  p i g m e n t s ,  a n d  
c h e m i c a l s
P u l m o n a r y  e m p h y s e m a ,  
h y p e r t e n s i o n ,  k i d n e y  
d a m a g e ,  a n d  
c a r c i n o g e n e s i s  (5)
Cr 0.1 Cr a s  c h r o m i c  
a c i d  a n d  
c h r o m a t e s
Ch r om - p l a t i n g ,  c h r o m -  
t a n n i n g  p i g m e n t s ,  a n d  
c hr o m- a l l o y  i n d us t r y
P e r f o r a t i o n  of  n a s a l  
s e p t u m ,  c h r o n i c  
c a t a r r h ,  e m p h y s e m a ,  
a n d  c a r c i n o g e n e s i s  (<S)
Fe 10 a s  Fe Iron a n d  s t e e l  in dus t ry ,  
coal ,  fuel  oil, a n d  
i nc ine ra t io n
Si d e r o s i s  a n d  p n e u m o ­
c on i o s i s  (7)
Mn 5.0 a s  Mn Iron a n d  s t e e l  i ndus t ry ,  
fue l  oil, i nc i ne ra t i on ,  
coal ,  a n d  dry cel l  
b a t t e r i e s
C hr o n i c  m a n g a n e s e  
p o i s o n i n g  a n d / o r  
m a n g a n e s e  p n e u m o n i a  
( 8 )
Ni 1.0 a s  Ni a n d  Ni 
m its s a l t s  
0.007 a s  n icke l  
c a r b on y l
S t e e l  a n d  n icke l -a l loy  
i nd us t ry ,  n icke l -p l a t i ng ,  
a s b e s t o s ,  coal ,  fue l  oil, 
a n d  i nc i n e r a t io n
De rmat i t i s ,  r e sp i ra to r y  
d i so rde r ,  a n d  c a r c i n o ­
g e n e s i s  (9)
Pb 0.2 a s  Pb A u t o m o b i l e  e x h a u s t ,  coal ,  
i nc i ne ra t i on ,  a n d  
p i g m e n t s
Le ad  p o i s o n i n g  ( 70)
V 0.5 a s  V.O-. d u s t  
0.1 a s  V>0.-. f u m e
Coal  a n d  fuel  oil C a r d i o v a s c u l a r  d i s e a s e  
a n d  c a r c i n o g e n e s i s  (7 7)
Zn 5.0 a s  ZnO f u m e S m e l t i n g  a n d  refining,  
a n d  z i nc  g a l va n iz in g
De rmat i t i s ,  h y p e r t e n s i o n ,  
a n d  a r t e r i os c l e r o t i c  a n d  
h e a r t  d i s e a s e  (72)
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chronic bronchitis, emphysema and other respiratory illnesses.^"
The effective control of atmospheric pollutants must require
the capability of analyzing airborne particulates as well as the
ability to determine the concentrations of the pollutants present as
well as their chemical forms. However, it has been difficult to collect 
and analyze particulate materials. Due to the usual low concentrations
of heavy metal pollutants present in the air, large samples are requir­
ed to perform quantitative analysis of these species. This poses the 
problem of real time analysis since typical samples may take hours to 
months for collection. The final concentration of pollutant to be re­
corded may be actually no more than an average number over the sampling 
period. Concentrations of a pollutant in question at any one time may 
be high enough to produce immediate toxic effects on the exposed popu­
lation, but the average concentration over the sampling period may be 
quite low.
There have been basically two types of methods for collection of 
particulate materials: passing-air collectors and fallen dust collect­
ors. Passing-air collectors have been used to monitor suspended atmos­
pheric particulates. There are several types which include cascade 
impactors that utilize the inertial size of the particle; cyclones that 
utilize centrifugation, impaction, and filtration; liquid impingers 
that use absorption; electrostatic precipitators that use electrical 
potentials to charge the particles and trapping filters that collect 
particulates according to their particle size. The latter method was 
used in the studies described in this chapter. Fallen dust collectors
have been similar in design to rainfall monitors and have been used 
routinely for air monitoring of metals.
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Very important considerations in air sampling analysis have been 
the sampling site itself, impurities that may be present in the sampling 
devices, and trapping efficiency of the devices.
Particulate materials have been shown to be extremely heterogeneous 
in their composition and morphology and the distribution of pollutants 
is by no means uniform throughout the volume of the particulate material 
in question. It can also be valuable to know the source of the material 
since this would have a direct bearing on the characteristics of the 
particulate.
The methods of choice for analysis of environmental samples have
been spectroscopic and activation methods because of their high sensi-
«. «. i 185, 186, 189, 190, 191, 192 _ , 1 VVTTT 1tivity for most metals. » » » > > >  Table XXIII
lists the instrumental methods capable of giving information at the 
ultratrace levels.
Neutron activation analysis is a sensitive method of multielement 
analysis that requires only ng/cm^ amounts of many elements. It 
has high precision and accuracy but it offers no information on chemi­
cal form, it is often very expensive, it may take a long time for some
elements and cannot detect important pollutants such as Si, S, P and 
193
Pb. Atomic absorption spectroscopy is simple, accurate, relatively
cheap but, at present, commercial instruments have no speciation capa-
185bilities and each pollutant has to be determined separately. X-Ray
fluorescence and related X-Ray methods have been popular because of
194multielement analysis capabilities.
As previously discussed, it is important to determine not only 
what metals are present in the environment, but their chemical forms 
and possible sources. Most analytical techniques have not been capable
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TABLE XXIII 
ULTRATRACE INSTRUMENTAL METHODS OF ANALYSIS
1. Neutron Activation Analysis (NAA)
2. Spark Source Mass Spectrometry (SSMS)
3. Chemical Ionization Mass Spectrometry (CIMS) 
Inductively Coupled Plasma Spectrometry (ICPS)
5. Atomic Emission Spectroscopy (AES)
6. Non-flame Atomic Absorption Spectroscopy (NFAAS)
7. X-Ray Fluorescence Spectroscopy (XFS)
8. Electron Microprobe (EMP)
9 . Electron Spectroscopy for Chemical Analysis (ESCA)
10. Auger Electron Spectroscopy (AES)
11. Anodic Stripping Voltammetry (ASV)
*
12. Differential Pulse Polarography (DPP)
13. Gas Chromatography (GC)
*
11. Liquid Chromatography (LC)
* = capability of speciation
Current analytical techniques which meet the constraints 
of ultratrace analysis. Reference 1.
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of providing information regarding oxidation states and composition 
of the metal species. Of the methods listed on Table XXIIl\ only GC, 
ESCA, anodic stripping voltammetry and differential pulse polarography 
can provide information regarding speciation. Most GC methods require 
dissolution of the sample. Electron spectroscopy for Chemical Analysis 
has been capable of providing information regarding the oxidation 
states of species present on the surface of the particulate material 
without previous sample preparation.
Electron spectroscopy is the technique of measuring the binding 
energies of electrons in molecules by determining the energies of the 
electrons ejected by the interaction of a molecule with a monoenerge- 
tic beam of x-rays. Siegbahn and coworkers utilized a double focusing 
iron-free magnetic spectrometer for high resolution energy analysis of 
photoejected electrons in 19^6 .
The value of electron spectroscopy lies in the observation of 
chemical shifts which were reported for copper in 19^7 ,19d but it 
wasn't until 196'+ that the utility of electron spectroscopy was 
appreciated as an analytical technique.‘'"97
The binding energies of different electrons within a molecule may 
change with changes in the chemical environment. This information 
can be used in qualitative and structural information. Quantitative 
analysis can be done in the same manner as in X-Ray fluorescence because
the intensity of the photoelectron line is proportional to the photo­
electric cross section of a particular element and to the number of
* u . 1 - 1  26,198atoms of that element present in the sample.
The chemical shift has been explained in terms of the influences
that are exerted on atomic core electrons by the nucleus and by a
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repulsive force due to the outer electrons. The repulsive force is a 
net shielding effect between the nucleus and the core electrons. When 
a change in oxidation number occurs in the valence shell, the shielding 
effect of the valence electron on a core electron may be reduced or en­
hanced and the binding energy of the core electron may be consequently 
increased or decreased. When a valence electron is removed, the amount 
of shielding is diminished and the effective nuclear charge experienced
by the core electron would increase, thus increasing the electron binding 
26, 198
energy.
Any parameter (such as oxidation state, ligand electronegativity, 
coordination) that could affect the electron density of the atom can be 
expected to result in a chemical shift in electron binding energy.
Chemical shifts have been observed for all elements except hydrogen and 
have been published. 9
Figure 78^^ shows the ESCA spectra of Pb. As Pb metal aged, sur­
face formation of PbO and of PbC^ was observed. The importance of ESCA 
as a speciation tool is evident.
When a core electron is ejected, either by impinging X-Rays or 
electrons, an electron from a higher level could drop to fill the 
vacancy. The excess energy could be released as a secondary (fluorescent) 
X-Ray or by the ejection of another electron from one of the upper 
levels with whatever kinetic energy may be available from the orbital 
transition. This has been referred to as Auger Effect and the electron
has been named Auger electron. These processes are indicated in Figure 
25
79A. These techniques are surface techniques because, as indicated in 
201
Figure 79B , even though the exciting X-ray may penetrate deep into the 
sample, only electrons ejected from the first 10 monolayers can escape
SAMPLE Pb Uf electrons
EXCITATION: Mg
Exposed to air 100°C, 20 h
Exposed to air 100 C, 5 min.
Exposed to air 20°C, 8 min.PbO
Exposed to air 20°C, sec.Pb'
Evaporated Pb
Binding Energy 139-5 I 136.8 
(electron volts)
FIGURE 78: Binding energy shifts of the lead Uf electrons as oxide layers are formed
on a pure lead sample. Reference 63
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AUGER ESCA 
ELECTRON ELECTRON
X-RAYS
ELECTRONS
K SHEL.
L SHELL
A
ELECTRON EJECTION PROCESS
X-RAYS
^ESCAPE DEPTH
E^= h W - Efc - e <J>
E^= binding energy of electron 
hW= energy of X-ray
Efc^  kinetic energy of ejected electron 
e$= spectrometer work function for 
calibration of instrument 
ELECTRONS ESCAPE FROM A DEPTH OF 5 TO 30 £ 
B
to calculate the
FIGURE 7 9: (A) Photoelectron and Auger Electron emission.
(B) Escape depth of ejected electrons and the expression used 
binding energy of the ejected electron.
Reference 25 and 201.
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from the surface and be detected.
Auger, unlike ESCA, cannot give different energies due to different 
oxidation states because there is a sort of "double" chemical shift.
In Auger, the x-ray given off by the atom itself is the exciting source 
and its energy also has a chemical shift. The Auger electron also has 
a chemical shift but the resolution of current instruments cannot det­
ect the differences. In Auger, the chemical shift is lost because the
202
x-ray also has a chemical shift. It is a radiationless transition
that competes with x-ray fluorescence.
In the ESCA technique, the sample can be placed in a vacuum and
bombarded with x-rays. This results in ejection of photoelectrons from
° 25a distribution of depths with a mean value of about 20 A. The energy
of the absorbed x-ray quanta is expended in overcoming the energy which
binds an electron to an atom and the rest is the kinetic energy of the
ejected electron. This kinetic energy has been the parameter measured
by the spectrometer.
Knowing the energy of the incident x-ray, the binding energy of the
ejected electron can be obtained from the expression given on Figure 
25
79B.
6 3
Figure 80 shows a schematic diagram of an ESCA instrument. The
sources most frequently used have been the Cu 1^, A1 1^, Mg K^ y, and Cr
lines. The sample must be in a very high vacuum, usually 10 to 10
torr, to ensure that the mean free path of the photoelectron is large
enough to allow it to traverse the distance from the sample to the
198detector without suffering significant energy loss.
Solid samples can be analyzed quite easily by ESCA. Liquid 
samples may require freezing, and gaseous samples can be analyzed only
2Jk
Spherical
electrostatic
analyzer
Photoelectrons
High
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Sample ^  \  ■''4.
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contro Annular
s l i t
1 GndS 2 
a I ' ~i>*
E lectron  
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FIGURE 30: (A) Schematic diagram of an ESCA instrument equipped 
with a spherical electrostatic analyzer. Typical 
energy filters: (B) retarding field, (C) parallel 
plates, (D) cylindrical, (E) spherical.
Reference 63.
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26when the instrument has differential pumping capabilities. Since
ESCA is basically a surface technique, when bulk analysis is required
—6 ”8the surface must be representative of the bulk and 10 to 10 g can 
be detected.
There are several types of energy analyzers and they are shown 
63
on Figure 80 . It has been desirable to select the energy of the
exciting radiation near the binding energy of the photoelectron of int­
erest to minimize the energy resolution required by the energy analyzer.
The detectors that have been used include GM counters, electron 
multipliers, photographic plates and charge cups. The readout system
could be a multichannel analyzer. Computer assistance in the inter-
26pretation of results has become standard.
ESCA has been used for analysis of catalytic surfaces, surface 
contamination, fiber finishes, microelectronics, thin films, inter­
facial phenomena, in corrosion studies, e t c.^’^ ’^ ^  Only a few
attempts at using ESCA for the characterization of environmental samples
, , 198, 203, 204have been reported.
Most man-made particulate matter entering the environment contains 
higher concentrations (yg/g) of several potentially hazardous trace 
elements, that are normally found at lower concentrations in natural 
crustal dusts, soils and sediments. Toxic substances such as those 
listed in Table XXII have been known to be present largely on the parti­
cle surface as a result of condensation from the vapor phase or adsorp­
tion. Such surface association could be of special environmental sign­
ificance because it leads to preferential enrichment of small particles 
that are least effectively collected by pollution control devices, have 
long atmospheric and aquatic residence times, and could deposit in the
pulmonary region when inhaled by humans.
Using Auger spectroscopy, it has been demonstrated that auto ex­
haust particles larger than lOHm have enriched quantities of Pb,
Br, Cl and S on the surface with respect to the core of the particle, 
whereas Fe was uniformly distributed. Particles smaller than 1 /im were 
found to be composed of Pb, Br and Cl (evenly distributed) and to contain 
no Fe. This finding indicated that these particles were formed by dif­
ferent processes. In the case of the large particles, Pb, Br, Cl and S 
were concentrated towards the surface due to deposition of volatile lead 
and sulfur species onto surfaces of refractory iron containing particles. 
The homogeneous nature of the small spherical particles suggests that 
they were formed by a nucleation process in which PbBrCl condenses.
Most of the exhausted lead has been shown to be in the form of 
halide salts because of the inclusion of ethylene dichloride and ethy­
lene dibromide scavengers in leaded fuels. These lead salts have been 
reported to be altered chemically once in the atmosphere to form pre­
dominantly the carbonates, oxides, oxycarbonates, sulfates and oxy-
1 r r 1 j 203,205,206,207 , .sulfates of lead. About 10% of the particles emitted
have been reported to be between 0.9 to 0.45^, while 60% of the part-
208
icles are smaller than 0.45|jm.
It has been proposed that the ultimate products of lead bromo- 
chloride in the atmosphere are the oxides of lead and that this process 
could take place with or without sunlight.
Because of the importance of lead as an environmental pollutant, 
it was one of the subjects discussed in this chapter. It was hoped 
that by using ESCA, the chemical form of aged airborne lead could be 
determined. Other environmental pollutants were also studied due to
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the multielement nature of the technique. Both molecular and particulate 
lead were of importance. Particulate lead or particulate materials in 
general have been defined by EPA as any material that can be trapped 
on a 0.45Um pore size filter. Molecular materials have been defined 
as those that pass through or cannot be filtered off by a 0.45^m pore 
size filter.
Robinson and coworkers have shown that molecular lead may consti-
97 210tute a significant fraction of the airborne lead. ' The probability
of airborne organolead compounds mainly due to evaporation of gasoline
at stations and to incomplete combustion within the engine has also
205 211 
been reported. ’
Lead is ubiquitous in nature and is a characteristic trace consti­
tuent in rocks, soils, waters, plants, animal life and air. It has been
used by man since 3000 BC. The total amount of lead on the earth's
20
crust has been estimated as 3*8 X 10 g. Since the past century, about
14 13
1.3 X 10 g of lead have been smelted and about 1.0 X 10 g have been
211 10 
burned as lead alkyls. Of 46 X 10 g of lead introduced in the
atmosphere during 1974-1975, only about 1.8 X 10^g were from natural
sources. Automobiles were responsible for 61% of the lead added to the
environment. The mean residence time of lead in the atmosphere was
211
calculated by Nriagu to be about 14 days and there has been an esti-
12
mated increase of 3 X10 g of lead/year in the atmosphere, biosphere 
and hydrosphere.
Lead pollution has been considered as a possible chronic threat 
to balance of the ecosystem and to human health. In addition, lead 
aerosols in the form of halides have been found to be very effective 
nuclei for cloud formation, causing a fine mist and diminishing
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incident solar radiation, therefore, high lead levels could induce 
climate changes.
In the last ten years, there have been over 3000 articles concern­
ing the dispersion and fate of airborne lead. Some of the findings 
include the fact that the concentration of lead particulates can be 
related to both the traffic density and the operating mode of vehicles.
A higher fraction of lead in automobiles is released in highways as 
compared to city driving. It has.also been reported that wind speed, 
wind direction, relative humidity, frequency and duration of rainfall
temperature inversion episodes also influence the local concentrations 
97,211
of airborne lead. The. toxic properties of lead compounds, were
discussed extensively in Chapter I,
In the early seventies, concern regarding the possibility of lead 
emitted by automobiles, resulted in legislation in many countries to 
reduce the use of lead additives. In spite of the fact that it has 
not been proven that lead emitted from gasoline consumption can be 
harmful to human health, the phase down was started in the US, Europe 
and Japan.
High compression engines have a tendency to "knock". "Knocking" 
is the spontaneous combustion of part of the fuel mixture which prevents 
a uniform surge of power and results in lower efficiency. This can be 
prevented by raising the octane rating of gasoline. The most economical 
way to increase the octane rating has been the addition of alkyl lead 
compounds to gasoline. To produce lead free gasoline with the lowest 
acceptable octane rating for automobiles currently in use, additional 
oil is consumed in the refining process. It has been estimated that
211addition of 1 ton of lead to gasoline could save 1200 barrels of oil.
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The problem was further aggravated because automobile manufacturers
were unable to meet economically emission standards of other pollutants.
212
The US Federal Clean Air Act of 1970 required a 90% reduction of hy­
drocarbon and carbon monoxide emissions by 1975 and in NO emissions by 
1976 on all new model cars for 50,000 miles. The only way that car
manufacturers were able to meet economically, some of the newly imposed
211 213emission standards was by the introduction of catalytic converters. ’
For hydrocarbon and CO control, an oxidation catalyst in a fuel- 
lean (oxidizing) atmosphere must b.e used. The platinumT'group metals
long have been known to have extensive catalytic properties, since Sir
Humphry Davy first reported this fact to the Royal Society in 1817.
Platinum-group metals have been used as catalysts in naphtha reforming
and exhaust gas purification prior to 1974 to control exhaust emissions
213in enclosed places.
In October of 1974, the first automobiles equipped with catalytic 
converters appeared in the US market. However, the use of such cata­
lytic devices require the use of non-leaded fuels because the lead 
halides emitted from gasoline that contain lead alkyls poison the 
catalyst bed.
Since the introduction of catalytic converters in most US cars, 
emission of CO and of hydrocarbons has been considerably reduced. The 
reduction of CO in ambient air has been supposed to increase the oxy­
gen-carrying ability of blood while the reduction of hydrocarbons in 
ambient air has been expected to reduce the concentration of photo­
chemical oxidants in the air which should result in less eye and res­
piratory tract irritations. Also, because nonleaded fuel is required,
213lead emissions into the atmosphere would be reduced.
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However, catalytic converters have introduced new potential health 
hazards: emission of sulfuric acid mists, possible emission of toxic
noble-metal particulate matter in the respirable size range, and poten­
tial fires due to overheating of the converter as a result of engine
_  _  213,214
malfunction.
Studies of possible emission of catalytic materials has been diffi­
cult because of the low environmental concentrations of these metals and 
the relative difficulty of analysis. Most attempts to determine environ­
mental and biological Pt levels have not been very successful because 
of the lack of sensitivity of most analytical methods for Pt. Pt has 
not been easy to analyze by AA, having a detection limit of about 0.1
ppm. Emission spectroscopy methods could detect only down to about 10
-9
ppm. Neutron activation analysis may detect as little as 10 g of
platinum but matrix interferences can be a problem and the metal is not
homogeneously distributed in particulate materials.
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Everett determined the levels of Pt in several air samples
collected on filters by leaching the samples with HC1 or aqua regia
to determine total and soluble Pt by flameless AA. He found that the
levels of Pt were 3 to 6 - O.l^g but did not specify the total sample 
216
size. Schutyser and coworkers could detect some airborne Pt by
neutron activation analysis but not accurately enough to determine
actual concentrations. Most articles published refer to the
inability to detect airborne platinum as well as platinum that may
be present in tissue samples.
It has been generally accepted that minute amounts of noble metals
are emitted from catalytic converters, on the order of 1-3 [j,g/mile or 
213 216
0.6 to 1.9 V*g/km. ’ There has been some evidence that at least
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10% of the lost material was water soluble, possibly in the form of
halides which are toxic. The EPA has estimated that the maximum possible
steady-state concentration using a "worst-case" model would not exceed 
30.06pg/m which is 30 times less than the OSHA standard for exposure to
213
soluble platinum salts. In these estimations, the effect of the
addition of leaded gasoline which may be added inadvertantly or delib­
erately to cars equipped with catalytic converters was not taken into 
consideration. This has been a fairly common practice.
It is not known whether there would be an increase in the attrition 
rate of the catalytic material due to formation of volatile species by 
reactions with the organo halides present in leaded gasoline.
Some of the water soluble complex salts of platinum have toxic 
and allergenic properties. Any platinum introduced into a system is 
circulated throughout the system as protein-bound material in the serum 
and almost none is absorbed by tissues. Elimination may occur rather 
rapidly through the urine and feces. Any retained material would be 
concentrated in the kidneys, liver and spleen. Because platinum com­
pounds have been shown to react directly with DNA, it is important to
213know the chemical form of airborne platinum.
The most widely documented toxic effect of soluble platinum com­
pounds has been the allergic reaction of sensitized people. People 
working in refineries that purify these noble metals and in plants that 
prepare catalysts may be exposed to concentrations that could cause aller­
gic reactions with symptoms similar to those of hay fever, asthma, and
dermatological problems. The effect of soluble platinum salts on
217
people has been referred to as platinosis. No treatment has been
given other than removal of the sensitized people from the work area.
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A sensitized person could respond to as little as 3 X 10 ^ g  of Pt
in a skin-prick test using soluble platinum compounds, and it has been
suggested that such biological monitors could be useful in gathering
evidence on whether or not these compounds are emitted from catalytic
converters. The general opinion has been that the chemical form of
emitted Pt is probably as Pt metal or as oxides, which are thought to
213
be of little toxic potential.
Another important factor that has recently come into consideration
is the fact that some platinum compounds can be methylated by methyl-
218
cobalamin. Methylation has been of extreme importance in metal toxic-
ities particularly for heavy metals such as Pb and Hg. Taylor and Hanna
recently demonstrated that Pt^+ can be stoichiometrically methylated
by methylcobalamin. Methylation of Pb^ was observed and shown to be
2+ 2+
concentration dependent while both Pt and Pb were unreactive.
Nothing is known at the time of this writing about the possible presence 
of organic forms of platinum in the environment due to biotransformations 
of emitted platinum from automobile exhausts and neither is known the 
chemical form of the emitted platinum.
Besides addition of leaded gasoline to cars equipped with cataly­
tic converters and the possible methylation of emitted platinum, other 
factors can also contribute to potential health hazards associated with 
the use of catalytic converters. Whenever a car is improperly operated 
overheating of the catalyst may result with a subsequent increase in 
the rate of attrition. Improper fixing and reduction of H^PtCl^ during 
manufacture may result in emission of this toxic compound. Some addi­
tional platinum may be released during antitumor treatments.
Therefore, toassess fully the environmental impact of platinum
283
and its compounds, the sources, uses, physicochemical properties, 
analytical methods, toxicology, pharmacology and manufacturing of 
platinum compounds need to be extensively evaluated.
Some attempts were done to try to establish baseline data for 
body burden of Pt and Pd, prior to However, the data reported
was not reliable because in most cases these metals could not be
-1 - «- j 219,220detected.
Several studies performed on air samples prior to 1976 using 
ESCA showed no detectable airborne platinum. Figure 81 shows the
results obtained for several samples collected from industrial areas
189
by Collins and Nicholas. A list of typical binding energies of sev­
eral platinum compounds is given in Table XXIV.
It was hoped that recent analysis of air samples by ESCA could 
indicate the presence of detectable platinum in the air and, if
present, the chemical form.
Air samples were collected of particle size greater than and less 
than O.U5 /um. The samples were analyzed by ESCA and it was hoped that 
the chemical form of aged airborne lead could be determined and airborne 
platinum could be detected and speciated.
AA analysis of an air sample collected onto a carbon tube was also 
performed using an experimental technique currently under investigation 
using the "Quartz T" atomizer previously described in Chapter II.
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Cl 2d
Cd 4d
Na 2s
Ca 3s
Pb 4f
FIGURE 81: ESCA analysis of samples of particulate matter 
collected from industrial areas in early 1976 
by Collins and Nicholas. Ref. 189.
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TABLE XXIV
BINDING ENERGIES OF SELECTED LEAD COMPOUNDS1^
COMPOUND__________ Pb 4f 7/2 Pb If 5/2
PbBr2 145-95 150.86
PbC03 144.0 148.8
PbC03 145.0 149.0
PbCl2 146.1 151.0
PbCr04 143-75 148.6
PbF2 145.9 150.75
Pbl2 144.7 149.6
Pbl2 146.75 151.7
P bN 20 g H7.2 152.1
Pb[S2P(OC2H5)2]2 145-35 150.2
Pb[S2P(OC2H5)2]2 143-3 148.2
PbO 144.15 149.0
Pb02 142.4 147.2
PbS04 146.1 150.95
PbS04 144.9 149.75
Pb304 143.9 148.8
PbS 145.05 149.9
BINDING ENERGIES OF Pt 4f 7/2 OF SELECTED Pt COMPOUNDS.
COMPOUND Pt 4f 7/2(eV) Pt OXIDATION
STATE
Pt° 71.3 0
(PPh3)3Pt 71.6 0
PtO 73-4 II
PtCl2 72.8 II
K2E)tiBr'2 72.8 II
K^ PtCl4 73-4 II
r(c2H 5 )3P]2PtCl4 7o.l II
K 2Pt(N02 )4 74.3 II
P t(NH 3 )2C12 73-4 II
K2PtBrs 74.8 IV
K2PtCl6 75-7 IV
K2PtF6 77-8 IV
References 222, 223, and 224.
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II. EXPERIMENTAL:
A. Equipment:
1. ESCA: Samples were analyzed by ESCA as courtesy of 
Physical Electronics Industries, Inc., and of Exxon.
2. AA: The "Quartz T" Atomic Absorption system previously
described in Chapter II was used for the determination of airborne Pb.
3. Sampling System: Teflon holders, pump, tygon tubing,
0.45 yum, 1/4" d. Carbon filter; 0.45 yum, 1/4" Millipore filter;
0.01 jam, 1" d. Sartorious filter; 1/4" OD, 1/8" ID, 1/2" long clean 
carbon tubes.
B. Experimental Procedure:
Several air samples were collected over long periods of time by 
drawing air through several different filters of different pore size.
1. Sample I: Analysis of Airborne Materials of Diameter Less
than 0.45 /im by ESCA:
By EPA definition, airborne materials that can pass through 
a filter with a pore size of 0.45 yum can be considered molecular and 
not particulate. Because of the importance of materials of submicron 
size with respect to potential toxicity, air was drawn through a 
0.45 jim Millipore filter behind which was placed a previously cleaned 
spectroscopic grade Carbon tube about 0.5" long with a 1/8" hole.
The entire filter and carbon holder was made out of Teflon. Some of 
the airborne pollutant was deposited onto the inside of the carbon 
tube and was analyzed by ESCA courtesy of Physical Electronics 
Industries, Inc.
Air was drawn at an average rate of 200 ml/min. Sampling took 
place from 2-18-77 to 3-9-77. Sampling was discontinued if rain
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occured. A total of 4600 1. of air were drawn through the sampler.
The sample was at least 1 month old prior to analysis. The sampling 
site was an open space on the 4th floor of the Chemistry and 
Biochemistry Building, Choppin Hall, on the LSU campus,
2. Sample II: Analysis of Airborne Pb of Particle Sizes
with Diameter less than 0.45 /im Using a Variable Temperature 
Atomic Absorption Method:
Using the same set-up described in 1, air was drawn through 
another carbon tube at a rate of 1 1/minute. A 0.45 yum pore size 
filter with a 1/4" diameter was again used to screen off the large, 
less harmful particulate material. Sampling took place from 
6-5-79 to 7-15-79. Sampling was discontinued when rain occurred. A 
total of 8000 1. of air were drawn through the sampler. The sample 
was "aged" again at least 1 month prior to analysis since it was 
desired to compare the chemical form of Pb with that obtained 
earlier from the ESCA analysis performed by Physical Electronics.
Both a sample and a blank were analyzed by AA. The carbon 
tube containing the sample was cut in half with specially treated 
bone cutters to avoid contamination. Cutting in two was performed 
in order to be able to analyze the air sampled for Pb content as 
well as background. The same process was carried out with a blank 
carbon tube.
All four pieces were analyzed by AA. The lead was determined 
in half of the sample tube as well as half of a blank tube at 2833 A. 
The background was measured at 2800 A.
Analysis was done by dropping the carbon piece onto the carbon
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bed while the bed was at about 900-1000°C. The temperature of the 
bed was slowly increased up to about 1475°C. Different compounds 
of Pb were expected to have characteristic curves. Standard 
solutions of PbO and PbC^ were also analyzed in this manner for 
comparison purposes.
3. Sample T i l :  Analysis of Particulate Material of Diameter
Larger than 0.45 jam by ESCA;
Because the results obtained in 1 were extremely 
encouraging, the experiment was repeated, but this time particulate 
materials collected at a flow rate of 1 liter/min on a 0.45 jim pore 
size, 1/4" diameter Millipore filter were analyzed. Sampling took 
place from 1-30-80 to 2-23-80. Again, the sampling was discontinued 
several times due to rain. A total of 16,000 1. were drawn through 
the Millipore filter and it was analyzed by ESCA at Exxon in 
Baton Rouge, Louisiana. Sampling was performed at the loading dock 
of the Chemistry-Biochemistry Building, Choppin Hall,in close 
proximity to two faculty/staff parking lots.
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III. RESULTS AND DISCUSSION:
A. Sample I; Analysis of Airborne Materials of Diameter less
than 0.45 pm by ESCA:
Table XXIV shows a list of binding energies of selected lead 
compounds. Figure 82 shows the high resolution spectra of PbCl2 
and PbBr2 which were used as calibration. The Pb4f7/2 electron 
binding energies due to PbB^ and PbC^ were 139.3 and 140.0 eV, 
respectively. The literature values reported for these compounds 
were 145.95 and 146.1 eV, respectively. The results obtained 
seemed to indicate that there was a difference of about 6.3 eV 
between the experimental values and the literature value.
Therefore, the experimental values obtained for the air sample 
should be corrected before comparison with literature values.
Figures 83 and 84 show the results obtained when two different 
sections of the carbon tube were analyzed. The surface constituents 
were not distributed homogeneously throughout the surface. The 
results obtained for the end of the tube facing the filter is 
shown in Figure 83 whereas the end further away from the filter is 
shown in Figure 84. In both cases F, 0, C, Na, Pb and Pt were 
observed.
The carbon signal was graphitic as expected since the sample 
was collected onto a carbon surface and the F was probably due to 
the Teflon holder. Na is commonly present in the air.
Figure 85 shows a high resolution spectrum of the lead signal. 
The binding energies obtained were 136.5 and 141.5 eV. When the 
calibration correction was applied to these values, the binding 
energies for the 4f7/2 and 4f5/2 electrons were 142.8 and 147.8 eV,
eV
-*0.7fc - PbCl2 (powder) 
= PbBr2 (powder)
FIGURE 82: High resolution ESCA spectrum 
of PbBr2 and PbCl2 standards. 
Mg Kq, excitation source.
Pb 1+f 7/2 
Electron
Pb Uf 5/2 
Electron
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I
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'IsFIGURE 83: ESCA energy spectrum of filter end
of carbon tube.
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FIGURE 85: High resolution ESCA energy spectrum
of filter end of carbon tube indicating 
presence of Pb (ipf electrons).
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Pb h f  5/2 
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respectively. The closest match in binding energies is with that
of on Table XXIV, This was also the chemical form suggested
by Physical Electronics,
These results suggested that the possible final chemical form
of airborne Pb was as PbC^, Previous workers in this field have
reported that freshly emitted Pb particulates are in the form of 
203,206
PbBrCl whereas after 18 hours lead aerosols are present
206
mostly as PbOx and PbCO^. In this study, for a very old
sample, there was no evidence of the carbonate.
The most important piece of information obtained from this
study was the detection of airborne Pt. As previously discussed
in the introduction and shown in Figure 81, no airborne Pt has been
189,203
reported as detected before by ESCA. As in the case of Pb,
there was a larger concentration of Pt on the end of the tube 
closer to the air stream entrance than on the air exit end. All 
signals needed for positive platinum identification were present in 
both Figures 83 and 84. These were the 4f7/2, 4f5/2, 4d5/2 and 4d3/2 
signals. Unfortunately, a high resolution spectrum was not supplied; 
therefore speciation of the Pt was not entirely possible.
Whether the oxidation state of Pt was II or IV could not be 
ascertained, but it was most definitely not due to Pt°. These 
results led to the conclusion that there seemed to be some airborne 
Pt probably due to the operation of catalytic converters. The Pt 
was present in particle size of less than 0.45 p m  which are 
extremely important as potential hazards because of the ease with 
which particles of these sizes can be inhaled and incorporated into 
the blood stream.
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The presence of Pt in the air due to attrition from catalytic
converters have been estimated to be minimal and essentially 
213,216
harmless. However, the widespread illegal use of leaded
gasoline, which contains chlorinated and brominated compounds, in 
cars equipped with catalytic converters was disregarded as well as 
other improper modes of vehicle operation. Methylation of deposited 
Pt compounds on the roadside may also contribute to the airborne Pt 
found.
It should be mentioned that this sample was somewhat unusual
in the sense that there was a severe dust storm that lasted several
hours. This dust storm clogged up the filter used to screen out
larger particles and was replaced with a fresh one. It may be the
case that particles that would not normally be airborne were
airborne due to unusual weather conditions.
Other elements of interest found in the sample were Bi and Cr.
A high resolution energy spectrum of Bi is shown in Figure 86 and
was reported by Physical Electronics as elemental bismuth. Bi is
always found in the ores of Pb, Sn, Cu, Ag and Au. It is widely
used in alloys with other metals for safety devices used in fire
detection and extinguishing systems. It is also used as a catalyst
for making acrylic fibers, as a thermocouple material and in atomic
235 233 225
reactors as carrier for U or U fuel. Because of its
widespread uses in the elemental state, its presence in air is not
185
unexpected and has been previously reported.
The uses of Cr are widely known. Chrome plating is the major 
use of Cr to prevent corrosion. It is also used as a catalyst, in
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FIGURE 86: High resolution ESCA energy spectrum
of filter end of carbon tube indicating 
presence of Bi (If electrons).
162.00 160.00 158.00
BINDING ENERGY (eV)
156.00
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225
tanning hides, and as pigments, Cr is also found as an impurity
in leaded gasoline, and also derived from engine wear, therefore
185?2Q4
the presence of airborne chromium was expected and has been reported.
B. Sample II: Analysis of Airborne Pb of Particle Sizes with
Diameter less than 0.45 >um Using a Variable Temperature Atomic 
Absorption Method:
The principle employed was that different forms of a compound
would volatilize at different temperatures. The difference between
two different compounds of the same element were not expected to
to be very different while varying the atomizer temperature because
atomization efficiency was not efficient below 1400°C for Pb. This
problem was solved by developing a two step system in which the
sample was vaporized at selected temperatures while the light path
97
was always kept at temperatures capable of atomization. However, 
with this crude slow heating rate using the "Quartz T" atomizer, the 
results shown in Figure 87 were obtained. Figure 87A is the background 
obtained for a blank carbon tube. Figure 87B shows the blank trace 
of the carbon tube containing the sample. Figure 87C shows the 
atomic Pb signal due to the carbon bed alone. Part D shows the 
atomic trace due to a carbon blank. Figure 87E shows the trace 
obtained for the sample plus carbon tube. In Figure 88, it can be 
observed that the Pb compound present in air and collected onto the 
carbon tube resembles the trace obtained for a PbC^ sample. This 
experiment, however crude, confirmed the presence of in the air
in particle sizes smaller than 0.45 jim.
FIGURE 87: Determination of Pb by selective volatilization
(A) Molecular background (off-resonance line) 
of a carbon tube.
(B) Molecular background of the carbon tube 
plus sample( 2833 R resonance line).
(c) Carbon bed background (2833 R  line).
(D) Carbon tube atomic Pb background 
(2833 R resonance 1ine).
Carbon tube plus sample atomic Pb 
signal (2833 £)•
ST A R T
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FIGURE 88: Comparison of sample with lead standards
by selective volatization.
(A) Atomic Pb signal obtained from the 
carbon tube withethe deposited sample
(B) Atomic Pb signal given by a Pb02 
standard.
(C) Atomic Pb signal given by a PbO 
s tandard.
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C . Sample III: Analysis of Particulate Material of Diameter
Larger than 0.45 ;um by ESCA;
The ESCA spectra obtained from Exxon were not nearly as well
resolved as those shown in the preceeding discussion. The
sensitivity of the Exxon system seemed to be poorer than that of
Physical Electronics because the sample collected for this study
3
was obtained by passing 16 m of air through the Millipore filter
3
whereas in the preceeding study, only about 4 . 6 m  of air were 
passed through the carbon tube and very little Pb was observed.
Figure 89 shows the ESCA spectrum of this sample and it can be 
observed that Pb was not detected. However, Figure 90 shows the 
high energy resolution spectrum of this sample for the Pb region.
This spectrum agreed well with that shown in Figure 85. The chemical 
form of Pb was again found to be Pb02> Figure 91 shows the scan 
of the Pt region. A signal can be observed in the right range for 
Pt. However, the peak did not have the right shape. The peak was 
clearly a singlet, which was not platinum. There was also indistinct 
evidence of a doublet on the right hand side of the large peak, which 
may or may not be platinum. These peaks were not much greater than 
background and although they could not be used as confirmation of 
the presence of platinum, they also could not be ignored. The data 
indicated that further confirmatory work should be undertaken on 
this project.
It was also possible that aluminum could be present since A1 
electron binding energies fall within this range but not with a 
doublet shape. If there were any Pt in this sample, it would be 
buried under this signal.
FIGURE 89: ESCA energy spectrum of 
the sample collected on 
the O A 5 M'ni filter.
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FIGURE 90: High resolution ESCA spectrum of
the sample collected on the 0.1+5 p,m 
filter indicating the presence of 
Pb.
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FIGURE 91: High resolution ESCA spectrum of the sample collected 
on the O.i+5 u-m filter. Pt region of the spectrum.
• •0
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The Pt observed in the previous study and shown in Figures 83 
and 84 was found in particles smaller than 0.45 pm. This study 
included only particles larger than 0.45 pm in diameter. Therefore, 
it could be possible that airborne Pt was present only in particles 
of diameter less than 0,45 pm or in molecular form. Further studies 
should be performed before definite conclusions can be made.
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IV. CONCLUSIONS:
The use of ESCA for the analysis of airborne materials was 
illustrated. However, ESCA is not sensitive enough to detect 
trace substances unless they are concentrated on the surface.
It was observed that the final form of airborne Pb was Pb02 
which is relatively less toxic than other forms of Pb and that 
Pt was sometimes detected in the atmosphere but the determination 
of the chemical form was not possible.
The presence of platinum was uncertain. Some data, 
particularly that from Physical Electronics strongly indicated the 
presence of platinum. Later data in which we hoped to confirm 
these findings were much less certain.
The only sound conclusion was that further studies are 
necessary to clarify this important question. These were not 
possible at this time because equipment to carry out this work is 
not readily available on campus.
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